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1 1 INTRODUCTION 
1 1.1 The spontaneously hypertensive rat 
Our insight into the functions and dysfunctions of the human 
organism would be limited without access to animal models, especially 
for hypertensive disease. Therefore, the search for an adequate animal 
model for the most common type of hypertensive disease in human beings, 
i.e primary or essential hypertension, is of the greatest interest In 
several animal models, hypertension is caused by experimental 
intervention and they serve as tools for studying secondary forms of 
human hypertension (Bianchi & Ferrari, 1983) However these animal 
models lack a polygenetic predisposition for hypertension by which 
essential hypertension is characterized (Folkow, 1982) Subsequently, 
several rat strains characterized by a polygenetically inherited 
hypertension were developed. This opened up several relevant lines of 
investigation for research on essential hypertension. Since both 
3 
primary predisposing elements and their relations to important 
secondary adjustments can be studied, as well as the influence of 
environment, treatment and other factors. Additional advantages of 
these rat models are their short life span, small size, relatively low 
costs and easy access for experimental analysis. 
In 1963, Okamoto and Aoki introduced the spontaneously hypertensive 
rat (SHR), which belongs to the last group of animal models and since 
then this Japanese strain has recieved the most attention by scientists 
world wide. The SHR is developed by systematic brother-sister 
inbreeding of animals of the Wistar strain, selected because they had 
somewhat elevated blood pressure (Okamoto & Aoki, 1963). The 
appropriate normotensive control rat for SHR is the Wistar-Kyoto rat 
(WKY) which is developed similarly although not simultaneously. Now, 
more than sixty generations later, SHR has its onset of elevated blood 
pressure very early in life (Beierwalters et al., 1982; Gray, 1984) and 
blood pressure increases over a period of weeks in young SHR. In adult 
SHR systolic blood pressure is maintained at a level of approximately 
210 mmHg, whereas in WKY systolic blood pressure reaches a maximum in 
the adult rat of 130 mmHg (Trippodo & Fröhlich, 1981). 
Humans with essential hypertension and SHR share many dysfunctions. 
For instance, both naturally occuring forms of hypertension are 
hemodynamically maintained by an increased total peripheral resistance 
at least partly due to structural vascular alterations (Friedman, 
1983). In addition, similar alterations in neurogenic control, hormone 
systems and renal excretory function have been described in both forms 
of hypertension (Folkow, 1982). However, it is unlikely that these 
forms of naturally occuring hypertension (man and rat) are identical 
expressions of genetically determined hypertension. Therefore one has 
to be very cautious extrapolating findings of animal studies directly 
to the human disease. 
Research on SHR is certainly not completely devoid of problems. For 
example, both the SHR and WKY seem to be quite susceptible to pulmonary 
diseases (Trippodo & Fröhlich, 1981). In addition, despite careful 
inbreeding, it is possible that some characteristics of the rat strains 
vary among different colonies, which might explain conflicting results 
regarding disturbances in SHR. Despite the fact that some authors 
consider the SHR not as a suitable model for essential hypertension and 
though there are some differences between both forms (McGiff & Quiiley, 
1981), the value of this animal model is now generally recognized on 
the basis of the manifold similarities between hypertension of the SHR 
and essential hypertension (Trippodo & Fröhlich, 1981). 
1.1.2 Role of the kidney 
The kidney possesses at least two important mechanisms which 
contribute to the regulation of blood pressure (Guyton et al., 1972): 
Renin-angiotensin system: Renin is a proteolytic enzym, mainly 
produced by the juxtaglomerular cells present in the kidney. Renin 
catalyzes the conversion of angiotensinogen to a nonpressure 
decapeptide, angiotensin I. Subsequently, angiotensin I is converted 
into the octapeptide angiotensin II mainly when passing through the 
pulmonary vascular bed (Haber & Carlson, 1983). Angiotensin II is the 
most potent endogeneous arterial vasoconstrictor and it stimulates the 
secretion of the mineral corticoid aldosterone, which inhibits 
excretion of sodium by its action on the distal tubular reabsorption 
(Pitts, 197A). This cardiovascular control system is most widely 
considered for a key role in essential hypertension. However, based on 
renin levels in early essential hypertension and in animal models of 
hypertension, it can only be concluded that there is little evidence to 
suggest that the renin-angiotensin system is an initiating factor, 
neither in human nor in rat (Folkow, 1972). 
Renal control of body fluid volumes: According to Guyton et al. 
(1972) the kidney plays an important role in the long-term regulation 
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of blood pressure by controlling body fluid volume A sudden fall in 
blood pressure reduces diuresis and natnuresis resulting in a 
progressive retention of fluid and salt, and visa versa The same 
mechanism operates in hypertension but at a higher blood pressure 
level, ι e to achieve a normal output of water and salt, blood 
pressure must be considerably higher than normal 
This role of the kidney in the regulation of blood pressure together 
with a large body of experimental evidence for a renal dysfunction in 
hypertension has led to the suggestion that the kidney may participate 
in the pathogenesis and maintenance of essential hypertension (Ferris, 
1982) Perhaps the most convincing evidence for abnormal kidney 
function in hypertension is provided by kidney cross-transplantation 
experiments between normotensive and spontaneously hypertensive rats of 
the Okamoto-Aoki (SHR) or Milan (MHS) strain (Bianchi et al , 1974, 
Kawaba et al , 1979) For both strains, hypertension accompanies the 
kidneys in cross-transplantations with normotensive controls In 
addition, renal vascular resistance is clearly elevated m essential 
hypertension and SHR (Folkow, 1982), which seems to reside in the 
preglomerular arterioles In SHR, increased renal vascular resistance 
might be due to a combination of structural and functional changes 
(Fink & Brody, 1979) 
However, the key problem in evaluating the role of the kidney in the 
pathogenesis of essential hypertension is to distinguish between 
primary and secondary changes in renal function (Bianchi & Barlassina, 
1983) Discrimination between primary and secondary induced changes in 
already hypertensive subjects is hampered by the reciprocal influence 
of blood pressure on kidney function Moreover, the relationship 
between kidney function and blood pressure is influenced by many 
factors both intra- and extrarenal Therefore, it is difficult to 
decide which factor is responsible 
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1.2 PHOSPHATE, CALCIUM AND MAGNESIUM METABOLISM 
Divalent ions like phosphate, calcium and magnesium, serve critical 
functions in cardiovascular physiology (McCarron, 1982). Phosphate is 
a prerequisite for normal cell function, since energy requiring 
processes depend directly or indirectly on phosphate through formation 
of ATP (Lee et al., 1981). Calcium plays a pivotal role in cellular 
signal transduction (Rasmussen & Barrett, 1984) ¿nd is directly 
involved in regulation of the vascular tone (Bülbring et al., 1981). 
Also magnesium is essential for a normal cell function. Since it is a 
cofactor in many cellular events like enzyme activation (Altura & 
Altura, 1984). This thesis focuses on these divalent ions and assesses 
the disturbances of their metabolism in the pathophysiology of 
hypertension. Firstly, the metabolism of these three ions in normal 
rats will be briefly reviewed. In general, it is assumed that dietary 
phosphate, calcium and magnesium, entering via the intestine are 
responsible for the input into the plasma, and that the skeleton is a 
major sink for these ions to leave the plasma. The third system is the 
kidney which modulates losses from plasma. The contribution of other 
tissues to regulation of plasma concentrations is not well known. 
Secondly, in section 1.3, a survey is given of the postulated 
abnormalities in divalent ion metabolism associated with hypertension. 
1.2.1 Plasma 
The plasma concentrations in the steady state reflects the net ion 
movement from intestine, kidney, bone and soft tissues. In every 
organism plasma levels of these divalent ions are regulated within 
narrow limits around a certain setpoint, which is necessary to excert 
critical functions. 
In blood, phosphate prevails in two forms: НгРО^- and HPO^2-. At pH 
7.4 about 80% is present in the divalent and some 20% in the monovalent 
form. About 6-20% of plasma phosphate is protein bound (Lee et al., 
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1981) Of the calcium in the plasma, about 48% is in the form of 
ionized Ca2+ and the rest is bound, mostly to proteins (Bronner, 
1982) It is generally accepted that ionized Ca2* is the form of 
calcium that is regulated and in turn effects regulation 
Approximately 30% of plasma magnesium is bound to protein, primarly 
albumin, and possibly at the same site as plasma calcium (Kroll & Elm, 
1985) A small fraction is complexed with citrate, bicarbonate and 
phosphate The remainder is ionized Mg2+ and this is also the most 
interesting form of magnesium with respect to physiological properties 
1 2 2 Intestine 
The intestine serves as gateway for body phosphate, calcium and 
magnesium In normal subjects net phosphate absorption averages 60% of 
the intake There is a linear relationship between net phosphate 
absorption and dietary phosphate intake Presumably, a saturable 
carrier mediated transport process and a linear concentration dependent 
diffusion process are responsible for intestinal phosphate 
reabsorption, both of which take primarily place in the jejunum (Lee et 
al , 1981) 
30 to 75% of the ingested amount of calcium is absorbed in the gut, 
mainly in the proximal part of the small intestine This value depends 
on age, dietary intake and vitamin D3 status Net absorption of 
calcium, 1 e the difference between intake and faecal excretion, is a 
balance between absorption and secretion of calcium Two modes of 
calcium absorption are generally recognized an active transcellular 
process and a passive flux through the paracellular route (Murer & 
Hildmann, 1981, Levine et al , 1982) A parallelism between calcium 
and phosphate absorption in the intestine has been shown (Walling, 
1977) However, it is now clear that there are separate mechanisms for 
calcium and phosphate absorption in the intestine (Favus, 1985) 
The net absorption of magnesium of adult human beings is 40% of the 
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dietary input. The site of magnesium absorption has not been precisely 
defined. Presumably, besides absorption in the small intestine, 
magnesium absorption also takes place in the more distal parts of the 
intestine. Also the mechanism by which magnesium is absorpted by the 
gastrointestinal tract has not been completely elucidated. Unlike 
calcium, magnesium does not appear to be absorbed by an active 
transport process (Anast & Gardner, 1981). 
1.2.3 Kidney 
The present study emphasizes the role of the kidney for two good 
reasons. Firstly, the kidney may play an initiating role in the 
pathophysiology of hypertension. Secondly, the kidney is perhaps the 
most crucial organ for the regulation of calcium, magnesium and 
phosphate metabolism. Therefore, renal handling of these divalent ions 
will be discussed in more detail. 
In intact animals, about 70% of filtered phosphate is reabsorbed in 
the proximal convoluted tubule, no net phosphate reabsorption occurs in 
pars recta, thin and ascending thick limbs of Henle's loop and 
approximately 10% of filtered phosphate is reabsorped in the distal 
convoluted tubule and collecting duct. Thus, phosphate excretion in 
urine is some 20% of filtered load (Amiel, 1980). Proximal tubular 
phosphate reabsorption involves secondary active transport at the 
luminal brush border (Fig. 1.1). Phosphate transport at this site is 
coupled to the sodium movement. In doing so, the energy for phosphate 
transport is provided by the electrochemical gradient for sodium, which 
is maintained by Na+/K+ ATPase present in the basolateral membrane. The 
transfer of phosphate through the cytosol and its exit across the 
contraluminal basolateral membrane are less well understood. The latter 
flux may be merely passive (Lang, 1980; Mizgala & Quamrae, 1985). 
Phosphate reabsorption is stimulated by phosphate depletion, growth 
hormone and alkalosis and is inhibited by high dietary phosphate 
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НгРо; 
HPO¿-
Figure 1.1 Mechanism of proximal tubule phosphate transport, 
which is facilitated by the following pumps: 1. 
Na+/phosphate cotransporter. 2. Na+/K+ ATPase necessary for 
maintenance of sodium-gradient. < , uphill movement; < , 
downhill movement. 
uptake, parathyroid hormone (PTH), calcitonin, acidosis and several 
diuretics (Lee et al., 1981). However, considerai controversy exists 
concerning the effects of vitamin D3 on renal phosphate control 
(Mizgala & Quamme, 1985). It is important to note, that all factors 
that influence renal handling of phosphate will also cause changes in 
plasma phosphate. 
About 60% of filtered calcium is reabsorbed in the proximal 
convoluted tubule, some 10*0 in pars recta, 20% in the thick ascending 
limb, and 9% in the distal convoluted tubule and cortical collecting 
duct (Massry, 1982). Unlike phosphate, the bulk of calcium 
reabsorption is passive, driven by a favourable electrochemical 
gradient (Fig. 1.2). Only part of the proximal calcium reabsorption is 
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Lumen 
Glucose ι Ν
α 
Amino acids 
Figure 1.2 Mechanism of proximal tubule calcium transport, which 
is facilitated by the following pumps: 1. Na+/K+ 
ATPase necessary for maintenance of sodium-gradient. 2. Na +/Ca 2 + 
exchange. 3. Ca2 + -ATPase. < , uphill movement; < , 
downhill movement. 
active and transcellular. Calcium enters the cell at the luminal brush 
border membrane passively, since intracellular Ca 2 + concentration is 
about four orders of magnitude lower than extracellular. Although 
calcium can be stored intracellularly, it must extruded. Therefore, 
calcium is actively transported across the contraluminal basolateral 
membrane against its electrochemical gradient (Suki, 1979). There are 
two transport systems present in the basolateral membrane which can 
participate in this proces. A high affinity Ca2+-stimulated ATPase and 
а Ыа
+/Са 2 + antiport, driven by the sodium gradient across the 
basolateral membrane have been demonstrated in this membrane (van 
Heeswijk et al., 1984). Factors stimulating calcium reabsorption are 
PTH, alkalosis and thiazide diuretics. Factors inhibiting calcium 
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reabsorption are calcitonin, growth hormone, insulin, glucose, acidosis 
and several diuretics (Lang, 1980). 
The proximal magnesium reabsorption is only 30%. However, in the 
thick ascending limb of Henle's loop the bulk of the observed magnesium 
reabsorption takes place, approximately 60% of the filtered load. 
Finally, in the more distal parts of the nephron less than 5% of the 
filtered magnesium load is reabsorbed. Therefore, about 3% of the 
filtered load is excreted in the urine (Dirks, 1983). Since magnesium 
has been the 'forgotten' cation, it is not surprising that the details 
of the cellular mechanism of magnesium reabsorption in both the 
proximale tubule and the loop of Henle, remain largely unknown. 
However, magnesium reabsorption is, at least partly, presumed to be 
active (Anast & Gardner, 1981). Magnesium reabsorption is directly 
stimulated by PTH and inhibited by phosphate depletion and several 
diuretics (Dirks, 1983) 
1.2.4 Bone 
Bone is the largest reservoir of divalent ions in the body, 
approximately 99% of body calcium, 85% of body phosphorus and more than 
50% of body magnesium are stored here (Parfitt Ь Kleerekoper, 1980). 
Bone is important for the (long-term) control of calcium metabolism. A 
continued formation and resorption of bone regulates the maintenance of 
plasma calcium (Mundy & Raisz, 1981). Plasma phosphate plays an 
important role in the regulation of bone function, since plasma 
phosphate can directly regulate the rate of bone resorption. In return, 
bone tends to resist changes in plasma phosphate and magnesium, but 
cannot regulate metabolism of phosphate and magnesium (Mundy & Raisz, 
1981; Anast & Gardner, 1981) 
1-2.5 Soft tissues 
Very little can be said about the role played by soft tissues in 
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regulating phosphate, calcium and magnesium metabolism. Most of 
intracellular phosphorus is in organic forra. A net shift of phosphate 
into the cell, requires the entry of intracellular phosphate into the 
organic phosphate pool. Since it is generally assumed that 
intracellular and extracellular inorganic phosphate are in equilibrium. 
Incorporation in the organic phosphate pool can be achieved by 
glycolysis, mitochondrial oxydative phosphorylation or glycogenolysis 
(Kreusser & Ritz, 1978; Lee et al., 1981). The bulk of intracellular 
calcium and magnesium is bound by ligands and intracellular membranes, 
only a small part is present in the ionized form. 
1.2.6 Calciotropic hormones 
The calciotropic hormones including PTH, calcitonin and the bio-
active metabolites of vitamin D3, modulate the above described 
regulatory functions of bone, intestine and kidney. 
PTH is responsible for the minute-to-minute regulation of blood 
calcium and acts on the kidney to enhance reabsorption of calcium and 
to decrease reabsorption of phosphate. In the skeleton, PTH stimulates 
bone resorption and subsequently calcium and phosphate will be released 
into the circulation. Finally, PTH indirectly, through the formation 
of 1,25-dihydroxycholecalciferol (1,25(0Н)20з), stimulates intestinal 
absorption of both calcium and phosphate (Fischer, 1982; Habener et 
al., 1984). In return, blood PTH levels are inversely regulated by 
ionized Ca 2 + levels in blood (Habener et al., 1984). PTH influences 
magnesium metabolism in a manner that parallels its effects on calcium 
metabolism, however the precise way in which it influences magnesium 
metabolism is uncertain (Anast & Gardner, 1981). 
From all the vitamin D3 metabolites, 1,25(0Н)2Сз has emerged as 
major regulator of mineral metabolism (Henry & Norman, 1984). Vitamin 
D3 is, like PTH, a calcémie hormone mainly through is stimulatory 
action on intestinal calcium absorption. Vitamin D3 also stimulates 
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intestinal absorption of phosphate. In bone, vitarain D3 stimulates 
resorption, thereby liberating calcium and phosphate. A direct action 
of vitarain D3 on renal handling of phosphate, calcium and magnesium is 
still controversial (Haussler & Brickman, 1982; Henry & Norman, 1984). 
The role played by vitamin D3 in magnesium metabolism is uncertain 
(Anast Ь Gardner, 1981). 
The physiological significance of calcitonin is not well understood. 
The major biological effect of calcitonin is to inhibit bone 
resorption. This could explain calcitonin's hypocalcémie and 
hypophosphaturic actions. Calcitonin increases urinary excretion of 
phosphate, calcium and magnesium, and may stimulate intestinal 
absorption of calcium. The secretion of calcitonin is directly related 
to blood calcium concentration (Parfitt & Kleerekoper, 1980; Deftos, 
1982). 
1.3 PHOSPHATE. CALCIUM AND MAGNESIUM METABOLISM IN THE 
SPONTANEOUSLY HYPERTENSIVE RAT 
1.3.1 Calcium 
The importance of calcium in cardiovascular physiology and its 
pivotale role in many cellular events has been recognized since the 
time of Ringer in 1883. Many recent observations on this subject in 
humans with essential hypertension and SHR have led several 
investigators to forward the hypothesis that abnormalities of calcium 
metabolism at the cellular as well as the organ or whole organism 
level, are a primary factor in the pathogenesis of hypertension 
(Kolata, 1984; Parrott-Garcia & McCarron, 1964; Robinson, 1984; Kwan, 
1985; Lau & Eby, 1985; McCarron, 1985; Postnov & Orlov, 1985; Sprenger, 
1985). As shown in Table 1.1, the available data supporting this 
hypothesis is enormous and can be grouped into several categories. For 
detailed discussion the reader is referred to the following chapters. 
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Table 1.1 Survey of abnormalities in calcium metabolism in essential hypertension (EH) and SHR 
Disturbance subject references 
*reduced serum ionized 
Ca2+ levels 
*hypercalciuria 
*gut: decreased Ca absorption 
unaltered Ca absorption 
increased Ca absorption 
^decreased bone mineralization 
-altered cellular Ca handling 
*increased PTH levels 
*low Ca intake associated 
with hypertension 
EH McCarron, 1982 
SHR Wright etal, 1980; McCarron etal, 1981 
Wright & Rankin, 1982 
EH McCarron etal, 1980; Strazullo etal, 1983 
SHR McCarron etal, 1981; Lau etal, 1984; Bindels etal, 1984 
SHR Schedi etal, 1984; McCarron etal, 1985 
SHR Stern etal, 1984 
SHR Toraason & Wright, 1981; Lau etal, 1984b 
SHR Izawa etal, 1985; McCarron, 1985 
EH Brushi etal, 1985 
SHR Kwan & Daniel, 1981; Orlov etal, 1983 
Losse etal, 1984; Brushi etal, 1985 
EH McCarron etal, 1980 
SHR McCarron etal, 1982; Stern etal, 1984 
EH McCarron etal, 1982; Ackley etal, 1983 
SHR Schleiffer etal, 1984 
*high Ca intake associated 
with reduced blood pressure 
SHR McCarron etal, 1981 
However, a clear understanding of the mechanisms for altered calcium 
handling is still lacking and is obscured by many conflicting studies. 
1.3.2 Phosphate 
As many authors studied calcium metabolism m hypertension, only few 
investigated phosphate and magnesium metabolism in essential 
hypertension and SHR. Therefore, it is not surprising that little can 
be said about the relation between phosphate and hypertension. A 
hypophosphatemia has been demonstrated in essential hypertension 
(McCarron. 1962) and in SHR (Bloomquist et al., 1983; Hsu et al., 1984; 
Bindeis et al., 1986b). Moreover, in two recent studies a 
hypophosphatuna in SHR was reported (Hsu et al., 1984; Bindeis et al., 
1984). Interesting in this respect is the observation of an inverse 
relationship between serum phosphate levels and blood pressure in 
normotensive subjects (Ljunghall & Hedstrand, 1977). 
1.3.3 Magnesium 
In general, magnesium has been the 'forgotten' cation (Dirks, 1983) 
and this is certainly true for studies on hypertension. There is some 
evidence suggesting subtle abnormalities in magnesium metabolism in 
essential or genetic hypertension (Lau & Oasa, 1984). Resnick et al. 
(1984) demonstrated a decrease in intracellular free Mg2+ in 
erythrocytes of humans with essential hypertension. In addition, there 
are a number of epidemiological studies demonstrating a negative 
correlation between magnesium intake and hypertension (Ryan & Brady, 
1984). In SHR, the development of hypertension can be modulated by the 
amount of magnesium in the diet (Berthelot & Esposito, 1983). However, 
Günther et al. (1984) could not confirm these observations. In 
summary, until more results are available, the relationship between 
magnesium and hypertension, if any, remains an unsettled issue. 
16 
1.4 AIM OF THE STUDY 
As can be concluded from the preceeding review on phosphate, calcium 
and magnesium metabolism in SHR, an large body of information has 
become available during the last decade. However, most studies are 
directed towards the relationship calcium and hypertension, whereas 
phosphate and magnesium metabolism have not been studied thoroughly in 
neither human nor in animal hypertension. Therefore, the purpose of 
this study is fourthfold. 
Firstly, to characterize phosphate, calcium and magnesium metabolism 
in SHR from newborn till adultness (chapter 2). Extensive blood 
analysis and balance studies, i.e. difference between intake, and 
urinary and faecal excretion, are performed in SHR and age-matched WKY. 
Secondly, to test whether the kidney is involved in a disturbed 
phosphate, calcium and magnesium in SHR (chapter 3-5). Several 'in 
vitro' techniques are used. For instance, renal divalent ion handling 
in SHR is investigated in the isolated perfused kidney. This model 
allows for controlled manipulations of the ionic and hormonal content 
of the fluid perfusing the kidney. In addition, isolated renal membrane 
preparations are used to gain more insight into SHR's membrane 
transport processes. Na+-dependent phosphate transport is studied in 
isolated brush border membranes from kidney cortex of SHR and WKY. In 
chapter 8, the Na+/phosphate cotransport system is characterized in 
detail. In particular, the effect of pH on the kinetics of this system 
is analyzed. In addition, two calcium transport systems present in the 
basolateral membrane of kidney cortex: the Ca2+-ATPase and Na+/Ca2+ 
exchange system are studied. This subject is of special interest, since 
multiple dysfunctions in cellular calcium handling led to the 
hypothesis of a general calcium membrane defect as a primary cause in 
essential hypertension (Postnov & Orlov, 1985; Sprenger, 1985). 
Thirdly, to elucidate other factors then the kidney that might be 
involved in a disturbed phosphate, calcium and magnesium metabolism in 
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SHR (chapter 6). Possible dysfunction of bone, intestine, soft tissues 
and calciotropic hormones are studied in order to delineate the 
mechanism behind disturbances phosphate, calcium and magnesium 
metabolism in SHR. 
Fourthly, the question is raised whether disturbances in phosphate 
metabolism participate in the initiation and/or maintenance of 
hypertension in SHR (chapter 7). Therefore, the effects of long-term 
normalization of plasma phosphate, realized by a high dietary phosphate 
intake, on blood pressure are studied. 
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2.1 INTRODUCTION 
The spontaneously hypertensive rat (SHR) is now widely accepted as 
an animal model for essential hypertension (Trippodo & Fröhlich, 1981). 
Clearly, there are a lot of similarities between both forms of 
hypertension. In essential hypertension, blood pressure rises 
progressively over a period of years and sustains at a high level 
(Peart, 1983). In SHR, arterial blood pressure is elevated from a very 
early age (Beierwalters et al., 1982; Gray, 1984), and increases over a 
period of weeks which makes this rat model particularly suitable for 
experimental studies. In adult SHR systolic blood pressure is 
maintained at a level of approximately 210 mmHg (Okamoto & Aoki, 1963; 
Trippodo & Fröhlich, 1981). In the normotensive Wistar-Kyoto control 
rat (WKY), systolic blood pressure reaches a maximum in the adult rat 
of 130 mmHg (Trippodo & Fröhlich, 1981). 
As far as phosphate, calcium and magnesium metabolism is concerned, 
similar abnormalities in essential hypertension and SHR have been 
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reported too, including: a slight decrease in serum ionized Ca2+ 
concentration (McCarron et al., 1981; McCarron, 1982; Wright & Rankin, 
1982), enhanced urinary calcium excretion in essential hypertension 
(McCarron et al., 1980) and in adult SHR (McCarron et al., 1981; 
Bindeis et al., 1984), hypophosphatemia and hypophosphaturia (McCarron, 
1982; Bloomquist et al., 1983; Hsu et al., 1984; Bindeis et al., 
1986b). In addition, a decreased intracellular free Mg2+ concentration 
was observed in erythrocytes of humans with essential hypertension 
(Resnick et al., 1984). Moreover, an inverse relationship between 
serum calcium or phosphate levels and blood pressure has been suggested 
(McCarron et al., 1980; Ljunghall & Hedstrand, 1977). 
Although recent studies reported a number of abnormalities in 
mineral metabolism in SHR, most observations are incomplete and 
sometimes in clear contradiction with each other. A tendency towards a 
more negative calcium balance in SHR has been reported recently by 
McCarron et al. (1985). Others reported a more positive calcium balance 
in mature SHR, possibly due to intestinal hyperabsorption (Lau et al., 
1984b). In most studies, calcium and phosphate metabolism were 
evaluated from serum and urine analysis only. In all studies calcium 
metabolism is emphasized, whereas phosphate and magnesium metabolism in 
SHR have only partly been characterized. 
The aim of the present study is, therefore, to characterize 
phosphate, calcium and magnesium metabolism in young SHR by measuring 
mineral blood levels and studying phosphate, calcium and magnesium 
balances. 
2.2 MATERIALS AND METHODS 
Male Aoki-Okamoto SHR and age-matched normotensive WKY purchased at 
3 weeks of age from TNO (Zeist, NL) were housed under controlled 
temperature, light exposure and humidity. All animals were provided 
food with the following mineral content (* w/w): 0.40 Na, 0.63 K, 1.06 
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Ca, 0.84 Ρ and 0.18 Mg (RHM-TM, Hope Farms, Woerden, NL) and tap water 
ad libitum. 
2.2.1 Blood pressure measurements 
Systolic blood pressure was determined indirectly from the tail artery 
of prewarmed conscious rats (370C for 15 minutes), after an initial 
period of training, using a tail cuff and a pneumatic pulse transducer 
connected to a recorder Each measurement represents the mean of 6 
separate readings obtained on two successive days. 
2 2.2 Blood studies 
Plasma samples were collected from WKY and SHR at several ages by 
orbit puncture, using hepannized blood collecting tubes Plasma 
samples were analyzed for sodium, potassium, inorganic phosphate and 
2,3-diphosphoglycerate (2,3-DPG). Serum samples of 12, 20 and 28 weeks 
old rats were taken by heart puncture and analyzed for total and 
ionized Ca 1 + and Mg I +. 
2.2.3 Balance studies 
At 5 weeks of age, WKY and SHR were individually housed m metabolic 
cages. Daily intake of food and water, and 24-hour urine and faeces 
collections were obtained for every rat. Collection vials, designed to 
prevent contamination and evaporation were used The balance was 
determined by subtracting urinary and faecal excretion from the total 
intake and was expressed in mmol/24 h. 
2 2.4 Analytical methods 
Faeces samples were dried overnight at 100CC and ashed at 600oC for 
24 h. The ash was dissolved in 2 N HCl, evaporated, redissolved in 2 N 
HCl and assayed for calcium, phosphorus and magnesium Total calcium 
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and magnesium concentrations in ash, serum and deprotemated urine 
samples were determined by colorimetry with a commercial kit (Lancer, 
St Louis, MO) Plasma and urine samples were deprotemated before 
phosphate was measured 100 yl plasma was mixed with 200 μΐ 0 6 N 
НС1СЧ and 1 ml acidified urine was mixed with 1 ml 1 2 N HCIO^ After 
15 minutes the samples were centrifugated (10 minutes, 600 χ g) and 
supernatants were neutralized with 2 N NaOH Inorganic phosphate 
concentrations were determined by mixing equal volumes of (diluted) 
supernatant and a freshly prepared solution of 4Î> FeSO^-6H20 and 1л 
(w/v) ammonium heptamolybdate in 2 3 N НгЗО^ according to Bontmg & 
Caravaggio (1963) After 30 min the absorbance was measured at 690 nm 
(Pye Unicam PL' 860, Cambridge, England) Callibration is carried out 
with a 1 mM K2HPO4 solution Serum ionized Ca 2 + and Mg2 + 
concentrations were determined in fresh sera Serum ionized Ca 2 + was 
measured with an ionized Ca 2 + analyzer (ICA113, Radiometer, Copenhagen, 
Denmark), after equilibrating serum samples with a CO2 gas mixture to a 
P
c o
 of 40 mmHg Values are expressed as mM ionized Ca 2 + at pH 7 40 
Serum ultrafilterable Mg 2 + was determined by atomic absorption of 
protein-free serum samples, obtained through ultrafiltration in a 
micropartition system (MPS 1, Amicon, Denver) The data obtained for 
ultrafilterable Mg 2 + have been corrected for effects resulting from the 
Donnan-equilibnum (Fogh-Andersen et al , 1983) Determination of 
ultrafilterable Mg 2 + is used as a practical alternative for measuring 
ionized Mg 2 +, since Mg 2 + selective electrodes are not yet reliable 
Plasma sodium and potassium were determined by flamephotometry 
(Eppendorf, Hamburg, FRG) Plasma 2,3-DPG was determined using a 
commercial kit (Boehnnger Mannheim, Mannheim, FRG) Urinary protein 
was assessed with a commercial Coomassie blue kit (Biorad, Richmond, 
USA) 
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Figure 2.1 Body weight as a function of age in WKY and SHR. 
Values are mean ± SEM. Number of rats are given at 
the bottom of the figure. Significant difference between SHR and 
WKY was determined by analysis of variance and expressed as F-
value and associated probability (p). 
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Figure 2.2 Blood pressure as a function of age in WKY and SHR. 
Values are mean ± SEM. Number of rats are given at 
the bottom of the figure. Significant difference between SHR and 
WKY was determined by analysis of variance and expressed as F-
value and associated probability (p). Every individual 
comparison between SHR and age-matched WKY was significant 
(p<0.0001). 
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2.2 5 Statistical analysis 
The statistical evaluation of the data uas performed with a IBM 4341 
computer with vm/cms operating system through use of the SAS® software 
system (SAS Institute, Сагу, USA) For each of the independent 
variables analysis of variance was used to assess differences between 
groups. Miereas multivariate analysis was performed to assess 
differences between dependent groups The significant differences are 
expressed as F-value and associated probability (pi. When a 
significant overall effect wab found, more specific comparisons were 
performed using contrast analysis (Ray, 1982) Unpaired Student's t-
test was used to determine the difference between two independent 
groups 
2 3 RESULTS 
2.3.1 Blood pressure studies 
Several groups of SHR and age-matched WKY housed three to five in a 
cage were used to determine body weight between 3 and 26 weeks of age. 
There was no significant difference in body weight between the two 
strains (F=2, p>0.14) as shown in Fig 2.1. Body weight increased 
rapidly in both strains between 3 and 10 weeks of age and stabilized in 
mature rats 
In SHR systolic blood pressure was significantly elevated (F=3952, 
p<0.0001) in animals as young as 4 weeks of age compared to WKY (Fig. 
2.2) From 4-10 weeks of age blood pressure rose rapidly and 
stabilized at 220 mmHg in 10-12 weeks old SHR. In contrast, systolic 
blood pressure in WKY was more or less constant throughout the whole 
study 
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Figure 2 3 Plasma phosphate as a function of age in WKY and SHR 
Values are mean ± SEM Number of rats are given at 
the bottom of the figure Significant difference between SHR and 
WKY was determined by analysis of variance and expressed as F-
value and associated probability (p) Every individual 
comparison between SHR and age-matched WKY was significant 
(p<0 0001) 
2 3 2 Blood studies 
Already at 4 weeks of age, plasma phosphate concentration was 
significantly lower in SHR compared to WKY (p<0 0001) as shown in Fig 
2 3 In SHR hypophosphatemia persisted throughout the whole study 
(F=144, p<0 0001) In both strains a significant decline was observed 
in plasma phopshate concentration upon aging (F=64, p<0 0001) 
Serum analysis of 12, 20 and 28 weeks old WKY and SHR are summarized 
in Fig 2 4 There was no difference in total calcium between the two 
strains (F=l 3, p>0 26) However, serum ionized Са г + was slightly but 
significantly lower in SHR (F=20
>
 p<0 0002) compared with the age-
matched WKY As with calcium, total magnesium did not significantly 
differ among the two strains (F=0 08, p>0 78), but ultrafilterable Mg 2 + 
was slightly, albeit significantly, decreased in SHR (F=5, p<0 03) 
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Figure 2.4 Serum total and ionized Ca 2 + (left panel) and serum 
total and ultrafilterable Mg 2 + (right panel) 
concentrations as a function of age m WKY and SHR. Values are 
mean ± SEM. Number of rats used is 5 for each group. Significant 
difference between SHR and WKY was determined by analysis of 
variance and expressed as F-value and associated probability (p). 
In case of an overall significant effect individual groups were 
compared as well: *, 0.01<p<0.05; **, 0.001<p<0.01 ; ***, 
p<0.001. 
Table 2.1 Plasma sodium and potassium and blood 2,3-DPG as 
function of age in WKY and SHR 
Age 
Na+ 
(mM) 
K+ 
(mM) 
(weeks) 
WKY 
SHR 
WKY 
SHR 
6 
138.611.7 
138.B±1.2 
4.67±0.08 
5.2310.21* 
12 
145.7+3.1 
142.712.7 
4.5410.16 
4.6210.09 
20 
144.810.4 
146.010.7 
4.4610.16 
4.8410.16+ 
F 
0.1 
11 
Ρ 
0.73 
0.003 
2,3-DPG WKY 0.47210.007 0.41010.006 0.37910.003 
(mmol/ SHR 0.46510.013 0.40810.008 0.34810.003* 20 0.001 
mmol HB) 
Values are means 1 SEM. Number of rats used is 5 for each group. 
2,3-DPG, 2,3-diphosphoglycerate; HB, hemoglobine. Significant 
difference between SHR and WKY was determined by analysis of 
variance and expressed as F-value and associated probability (p). 
In case of an overall significant effect individual groups were 
compared as well: *, p<0.005; +, 0.005<p<0.05. 
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Figure 2.5 Urinary phosphate, calcium, magnesium and protein excretion as a 
function of age in WKY and SHR placed in metabolic cages. Values 
represent mean ± SEM. Number of rats used is 5 for each group. *, significant 
different (p<0.05) between SHR and age-matched WKY (unpaired t-test). 
and this significance is mainly due to the data of 12 weeks old SHR. 
Plasma sodium and potassium concentrations, and blood 2,3-DPG 
concentration of WKY and SHR were measured at 6, 12 and 20 weeks of 
age and the mean values are given in Table 2.1. There was no difference 
in concentration of plasma sodium between the two strains (F=0.1, 
p<0 73) However, plasma potassium concentration was slightly elevated 
in SHR (F=ll) p<0.003) Blood 2.3-DPG was slightly but significantly 
decreased (F=20, p<0 001) in the mature SHR of 20 weeks 
2 3.3 Balance studies 
Urine analysis was performed in one group only, on WKY and SHR 
placed in metabolic cages and the results shown in Fig. 2.5. Urinary 
phosphate excretion in SHR was significantly lower than in the age-
matched WKY from 6 through 23 weeks of age. Phosphate excretion 
increased progressively with age for both strains over the period of 
observation and stabilized around 16 weeks. Urinary calcium excretion 
in both strains decreased with age and stabilized around 11 weeks From 
16 weeks onward SHR excrete significantly more calcium than the age-
matched WKY, confirming a previous report (McCarron et al , 1981) In 
contrast, the urinary magnesium excretion was significantly higher in 
SHR compared to the age-matched WKY throughout the whole period of 
observation, despite the sometimes great variations in week-to-week 
urinary magnesium excretion Urinary protein excretion increased with 
age and stabilized around 11 weeks of age in WKY and SHR. From week 12 
onward, SHR excrete significantly more protein than the age-matched 
WKY. 
Figure 2.6 Intake, urinary and faecal excretion, and balance of 
phosphate, calcium and magnesium as a function of age 
m WKY and SHR placed in metabolic cages. Values are mean ± SEM. 
Number of rats used is 15. Significant difference between SHR 
and WKY was determined by multivariate analysis and expressed as 
F-value and associated probability (p). In case of an overall 
significant effect individual groups were compared as well: *, 
0 01<p<0 05; **, 0.001<p<0.01, ***, p<0.001. 
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In a subsequent study, phosphate, calcium and magnesium balance was 
determined with 3 weeks intervals by measuring daily food intake, and 
urinary and faecal excretion in WKY and SHR as shown in Fig 2 6 
Between 6 and 15 weeks of age, both strains ate the same quantity of 
food At 18 weeks of age SHR ate significantly more food than the age-
matched WKY Fig 2 6 clearly demonstrates that SHR's kidneys 
excreted significantly less phosphate than the age-matched WKY Faecal 
phosphate excretion was almost equal in both strains Only in 9 and 18 
weeks-old SHR faecal excretion was increased Phosphate balance in SHR 
showed a significant tendency towards a more positive balance at 6 and 
18 weeks of age Urinary calcium excretion in SHR increased 
significantly after 15 weeks of age as shown in Fig 2 6 Faecal 
calcium excretion was slightly but not consistently reduced in SHR 
Overall calcium balance was only significantly increased at 18 weeks of 
age m SHR Urinary magnesium excretion in SHR was reduced at 6 and 9 
weeks of age, unaltered at 12 and 15 weeks of age and increased at 18 
weeks of age (Fig 2 6) Faecal magnesium excretion was slightly 
decreased in SHR at 6 and 12 weeks of age Magnesium balance was 
significantly more positive in SHR at 6, 15 and 18 weeks of age 
The main conclusion from these experiments is that phosphate, 
calcium and magnesium balances in SHR are not substantially altered but 
show a tendency toward slightly more positive values 
2 4 DISCUSSION 
This chapter gives a survey of the main disturbances in phosphate, 
calcium and magnesium metabolism as well of some other important 
features of young SHR compared to the age-matched WKY control 
The exact onset of elevation of blood pressure in SHR is a subject 
of controversy Some authors believe that SHR is never normotensive 
during its life cycle, since an increase in mean arterial blood 
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pressure has been reported at birth (Gray, 1984) Others failed to 
detect a significant increase in blood pressure in very young SHR 
(Beierwalters et al , 1982, Lee, 1985) This discrepancy may partly be 
explained by differences in methodology of blood pressure measurements 
In our hands, systolic blood pressure in SHR was significantly elevated 
in animals as young as A weeks of age and continued to rise rapidly 
upon aging Finally, blood pressure stabilized at 220 mmHg in 10-12 
weeks old SHR Hence, the frequently used term "prehypertensive period" 
refer ing to SHR between 0-8 weeks of age, is at least misleading and 
can lead to unjustified assumptions 
In SHR a hypophosphatemia was manifest in animals as young as 4 
weeks of age The hypophosphatemia remained a salient feature in SHR at 
all ages studied when compared to the age-matched WKY Our findings are 
consistent with an earlier report in which it was shown that SHR have 
significantly lower serum phosphate concentrations from newborn to 3 
months of age (Bloomquist et al , 1983) Plasma phosphate levels 
declined continuously upon aging in both WKY and SHR Interestingly, 
this effect has been attributed to a drop in growth hormone (Lee et 
al , 1981) It has been suggested that growth hormone directly enhances 
tubular phosphate transport capacity and that it is responsible for the 
decline of phosphate reabsorption with age (Corvilain & Abramow, 1972, 
Ritz et al , 1980) Indeed, phosphate excretion increased 
progressively with age for both strains and stabilized around 16 weeks 
of age 
In addition, hypophosphatuna persisted in SHR between 6 and 23 
weeks of age Presumably, SHR's kidneys adapted to hypophosphatemia by 
an increase in phosphate reabsorption capacity A recent study on 
phosphate excretion in SHR revealed a lower phosphate clearance and an 
increased tubular phosphate reabsorption in SHR when compared with WKY 
controls (Hsu et al , 1984) 
In severe phosphate depletion blood levels of 2,3-DPG, an abundant 
intermediate of the glycolysis, and ATP decrease (Lee et al , 1981, 
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Kreusser & Ritz, 1978) For this reason we determined 2,3-DPG levels in 
SHR Only at the age of 20 weeks were 2,3-DPG levels in SHR 
significantly reduced Hsu et al (1984) were unable to find 
differences in 2,3-DPG levels at 14 weeks of age, which is consistent 
with our data obtained at 12 weeks (Table 2 1) It appears that the 
2,3-DPG level is not a very sensitive parameter and mild phosphate 
depletion is not disclosed Our data suggest that only in adult SHR 
does phosphate depletion become severe 
Reduced serum ionized Ca2+ in the presence of normal serum total 
Ca2+ concentrations have been described in humans with essential 
hypertension (McCarron, 1982) and in SHR (Wright et al , 1980, 
McCarron, 1982b, Stern et al , 1984) and are likely to reflect changes 
in the binding of calcium in plasma In addition, a reduced serum 
ultrafilterable Mg2+ in SHR m the prpsence of normal serum total Mg2* 
concentrations suggest a general abnormality in the extracellular 
binding capacity of divalent cations in blood of SHR The relationship 
between low serum ionized Ca2+ and hypertension is far from clear, 
because no correlation between the reduction in blood pressure by a 
high Ca2+ diet and the increase in serum ionized Ca2+ could be 
demonstrated (Lau et al , 1984, Stern et al , 1984) In view of a 
direct relationship between serum Mg2+ and blood pressure (Berthelot & 
Esposito, 1983, Altura et al , 1984), it is possible that decreased 
serum ultrafilterable Mg2+ in SHR is involved in the development of 
hypertension m SHR The physiological meaning of decreased serum 
ionized Ca2+ and Mg2+ in SHR remains to be elucidated 
Three major causes of hypercalciuna have been recognized (Massry, 
1982), including resorptive hypercalciuna, absorptive hypercalciuna 
and reduced renal reabsorption (renal leak) There is indirect evidence 
in favour of a renal calcium leak as the cause of hypercalciuna in 
hypertension (McCarron et al , 1981, Strazzullo et al , 1983) 
Hypercalciuna in SHR could simply reflect a progressive abnormality in 
the renal handling of calcium secondary to the development of 
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hypertension. Hypercalciuria developed in SHR after 15 weeks, long 
after hypertension in SHR is established. In addition, hyperproteinuna 
preceeded hypercalciuria and it is very well possible that increased 
blood pressure leads to renal damage and to a modest form of 
proteinuria. Renal damage is difficult to detect in the early stages 
of the development of hypertension, since pathologic changes in 
glomeruli of SHR do not occur before 45 weeks of age as reported by 
Feld et al. (1977). They also documented a hyperproteinuna in SHR, 
however already present at 6 weeks of age in SHR, which was followed 
after 45 weeks by a progressive increase in albumin excretion. 
Recently Lau et al. (1984b) characterized hypercalciuria in mature SHR 
due to primary hyperabsorption. Unfortunately, intestinal calcium 
transport in SHR is a matter of great controversy Higher levels 
(Toraason & Wright, 1981; Lau et al., 1984b), unaltered (Stern et al., 
1984) and lower levels (Schedi et al , 1984; McCarron et al , 1985) of 
calcium transport across the duodenum of aging SHR have been reported. 
Moreover, increased calcium absorption is a feature of both renal and 
absorptive hypercalciuria (Pak, 1979). Also phosphate depletion causes 
a reduction in tubular calcium reabsorption and hypercalciuria (Sutton, 
1983). This phosphate related urinary calcium excretion is either due 
to increased intestinal absorption or to increased bone resorption. 
Therefore disorders in calcium excretion can only be understood with 
complete reference to all organs involved in the calcium homeostasis 
i.e. kidney, intestine and bone and we refer to chapter 6 where more 
conclusive experiments will be discussed. 
Hypermagnesiuria was not consistently manifest in SHR. In our 
detailed study on urinary excretion, hypermagnesiuria was apparent 
between 6-23 weeks of age in SHR (Fig. 2.5), in contrast, in a 
subsequent study (Fig 2.6) hypermagnesiuria could not be demonstrated 
before 18 weeks of age in SHR However, hypermagnesiuria would be 
compatible with the earlier described hypophosphatemia in SHR, since 
phosphate depletion in man and rat leads to marked hypermagnesiuria 
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(Lee et al , 1981). 
Our study indicates that the balance of phosphate, calcium and 
magnesium is only slightly more positive in SHR. Consequently, a less 
possitive phosphate balance due to increased renal phosphate excretion 
or decreased intestinal absorption can not be responsible for 
hypophosphatemia in SHR. Earlier studies revealed unaltered calcium 
balance in young SHR (Stern et al., 1984, Lau et al., 1984b). Since in 
these reports calcium balance was only studied at one age it is 
unlikely that the minor changes we found could have been detected. A 
decrease in calcium balance as a result of a reduced net calcium 
absorption (McCarron et al., 1985) is not very likely and certainly not 
confirmed by our study. Based on faecal excretion studies, an 
impairment in intestinal calcium absorption could not be demonstrated. 
In conclusion, hypertension in SHR is accompanied with a main 
disturbance in phosphate metabolism, already present in young rats 
between 4-6 weeks of age. The disturbance in phosphate metabolism 
include hypophosphatemia and hypophosphaturia accompanied with a 
slightly more positive phosphate balance. 
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3 1 INTRODUCTION 
Some abnormalities in phosphate, calcium and magnesium metabolism in 
the spontaneously hypertensive rat (SHR) may be associated with 
alterations in kidney function For example, the earlier reported 
hypercalciuria (McCarron et al , 1981, Bindeis et al , 1984) as well as 
the hypophosphaturia (Bloomquist et al , 1983, Hsu et al , 1984, 
Вinde1s et al , 1986b) in SHR could result from disturbances in tubular 
reabsorption In addition, the kidney plays a pivotal role in the 
maintenance of phosphate, calcium and magnesium balances in human and 
rat (Seldin & Giebisch, 1985), most of which is regulated by hormonal 
actions The kidney also plays a role in the metabolism of the 
calciotropic hormones like parathyroid hormone (PTH) and vitamin D3 
Also suggestive of renal involvement in the pathogenesis and 
maintenance of hypertension are the defects m renal functions that 
have been described in essential hypertension and animal models of 
hypertension These abnormalities include elevated renal vascular 
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resistance, decreased renal blood flow and a fall in glomerular 
filtration rate (GFR) accompanied by morphological changes in the renal 
vasculature (Evan et al , 1981, Folkow, 1982, Bianchi & Barlassina, 
1983, Dilley et al , 1984, Conway, 1984) An other functional 
abnormality of the kidney in hypertension is that normal excretion of 
sodium and water is only achieved at elevated renal perfusion pressure, 
ι e the pressure natriuresis curve shifts to the right during 
hypertension (Guyton et al , 1972) The same phenomenon is observed in 
isolated perfused kidneys (Thompson & Dickinson, 1973, Tobian et al , 
1978, Siegers & Forster, 1982), indicating that the underlying 
mechanism is of renal origin 
The purpose of the investigations presented in this chapter was to 
evaluate the hypothesis that an intrinsic defect in the SHR kidney is 
involved in the disturbance in phosphate and calcium metabolism in SHR 
We chose to use the isolated perfused kidney in order to study calcium 
and phosphate handling under controlled conditions In addition, the 
effect of two diuretics, furosemide and chlorothiazide, on phosphate 
and calcium excretion in isolated perfused kidneys of SHR and Wistar-
Kyoto rats (WKY) was studied 
3 2 MATERIALS AND METHODS 
3 2 1 Isolated perfused kidney 
Kidneys from WKY and SHR were perfused in vitro as described 
previously (Brink et al , 1983) Briefly, after anaesthesia with 
natriumpentobarbital (45 mg/100 g body weight, Narcovet®, Apharmo, 
Arnhem, NL) and heparinization (500 IU/rat, Thromboliquine®, Organon 
Teknika, Boxtel, NL) the right kidney was exposed The right ureter was 
cannulated with PE-10 polyethylene tubing and the right renal artery 
was cannulated via the mesenteric artery without interruption of flow 
The kidney was removed and perfused in a closed-circuit system (Fig. 
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Figure 3 1 Schematic representation of the perfusion system 
For explanation see text. 
3.1). 
The perfusion system consisted of a thermostated (37eC) perfusate 
reservoir, an in-line filter (5 Jim pore size, Millipore, Etten-Leur, 
NL), a secondary flow type membrane oxygenator, a Peltier heating 
element, a bubble trap chamber and two pumps (Verder Deutschland GmbH, 
Dusseldorf, FRG). The experiments were performed at constant renal 
perfusion flow rate (RPF) generated by a peristaltic pump, the 
resulting renal perfusion pressure (RPP) was continuously recorded. The 
perfusion fluid was pregassed in the reservoir with a 95% O2 / 5% CO2 
gas mixture and subsequently saturated with the same gas mixture in the 
oxygenator. The temperature of the perfusate entering the kidney was 
measured inside the arterial cannula and was maintainned constant at 
37 50C by manually adjusting the power supplied to the Peltier element. 
Fluid leaving the kidney through the renal vein flowed into the 
perfusion chamber and was pumped back into the reservoir A 
microcolorimeter, a bubble-flow meter and an Astrup pH meter were 
connected to the ureter catheter to measure continuously the GFR, 
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Table 3.1 Composition of the perfusate 
NaCl 
KCl 
СаСІг 
MgCl 2 
124.0 mM 
5.2 mM 
2 0 raM 
0 3 mM 
Glucose 5 0 mM 
Na-pyruvate 2 0 mM 
Na-glutaminate 3 2 mM 
Urea 
Alanine 
Inosine 
Cysteine 
Glycine 
4.0 mM 
5 0 mM 
1 0 mM 
0 5 mM 
2 3 mM 
Pluromc F108 25 g/1 
Vitamin B12 0 014 mM 
ЫаНСОз 
Na2HP04 
KH2PC4 
Na-acetate 
Na-propnonate 
Na-lactate 
25 0 mM 
1 7 mM 
0 3 mM 
1.2 raM 
2 1 mM 
1.0 mM 
Insulin 4 IU/1 
Aldosterone 2 Ug/1 
Lysine-vasopressine 10"2 IU/1 
Angiotensin II 15 ng/1 
pH 7.4 
diuresis respectively urine pH (Brink & Siegers, 1979) RPF, RPP, GFR, 
diuresis and sample pH were continuously recorded. 
The composition of the perfusate is given in Table 3.1 In addition 
to electrolytes, metabolic substrates, amino acids and hormones, the 
fluid contained pluromc F108 (BASF, Wyandotte, USA) as colloid osmotic 
agent and vitamin B12 (cyanocobalamin) as a marker for the GFR 
Pluromc F108, hereafter referred to as pluromc, is a polyoxyethylene-
polyoxypropylene block copolymer, has a molecular weight of 
approximately 14,000 and is non-ionic The vitamin B12 clearance, like 
inulin clearance, is a reliable estimate of GFR when applied to 
protein-free solutions (Brink & Siegers, 1979) 
Generally, a period of 50 min perfusion at 100 mmHg was allowed for 
the kidney to stabilize before starting the experimental protocol. 
During the first fifteen minutes of this period the venous effluent was 
discarded, hereafter the fluid was recirculated with a final volume of 
400 ml. Subsequently, 5 samples were collected from the ureter 
catheter in 5 m m periods and analyzed for electrolytes and pluromc. 
In experiments in which Tm/GFR was determined, the phosphate 
concentration of the perfusate was raised by replacing an equimolar 
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amount of NaCl with a mixture of ^HPO^/Na^PO^, pH 7.4. 
3.2.2 Analytical methods 
RPF was determined by measuring the pump control voltage RPP was 
measured directly using a miniature pressure transducer (CTC type CP01, 
Inglewood, USA) connected to a bubble-trap chamber. GFR was determined 
from the clearance of vitamin B12 by measuring sample vitamin B12 
concentration and sample flow rate as described previously (Brink & 
Siegers, 1979). 
Sodium, potassium, phosphate and calcium concentrations of the 
perfusate and samples were determined as described in section 2.2.4. 
However, phosphate concentrations were calculated from standards 
containing pluronic, since this substance interferred with the 
phosphate assay. The pluronic concentration was determined by measuring 
the colloid osmotic pressure using a membrane osmometer (Brink et al., 
1983). 
Synthetic human PTH(l-34) (hPTH) was obtained from National 
Institute for Medical Research (London, England), chlorothiazide was a 
generous gift of Merck, Sharp and Dohme (Haarlem, NL), furosemide 
(Lasix®) was purchased from Hoechst AG (Frankfurt, FRG) and verapamil 
(Isoptin®) was obtained from Knoll AG (Ludwigshafen, FRG). 
The results were evaluated statistically as described in section 
2.2.5. 
3.3 RESULTS 
3.3.1 Hemodynamics of isolated perfused WKY and SHR kidneys 
Some characteristics of isolated perfused WKY and SHR kidneys are 
shown in Table 3.2 The hemodynamics of both kidneys were not basicly 
different. Since RPF (F=4.0, p>0.07), RPP (F=0.9, p>0.4) and GFR 
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Table 3.2 Characteristics of isolated perfused WKY and SHR 
kidneys 
Age (weeks) 12 20 F ρ 
RPF 
(ml/mm) 
RPF 
(mmHg) 
GFR 
(μΐ/min) 
FE H2O 
C«) 
FE Na + 
(%) 
FE Pi 
α) 
FE Ca 2 + 
(°.) 
N 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
19.2±1.0 
17.0±0.4 
94 ± 4 
90 ± 5 
228±21 
19Ы13 
9.0±0 . 4 
8.7±0.5 
3.6±0.3 
3 . 9±0 . 6 
7.9+0.9 
6.5±1.2 
2.5±0.4 
3.2±0.8 
10 
9 
24.0+0.4 
23.310.6 
97 ± 2 
94 ± 2 
218±16 
187±18 
9 . 4±0 . 3 
8.0+0. 5* 
З.ЗІ0.2 
2.0±0.3 
4.110.5 
3.2±0 . 7 
2.110.2 
2.0±0.8 
7 
6 
-
4.0 
. 
0.9 
-
3.0 
. 
4.3 
. 
1.5 
» 
1.8 
. 
0.3 
-
0.07 
. 
0.4 
-
0.07 
-
0.05 
. 
0.2 
_ 
0.2 
. 
0.6 
Values are mean ± SEM. Ν, number of experiments; RPF, renal 
perfusion flow; RPP, renal prefusion pressure; GFR, glomerular 
filtration rate, FE, fractional excretion; Pi, phosphate. 
Significant difference between SHR and WKY was determined by 
analysis of variance and expressed as F-value and associated 
probability (p). In case of an overall significant effect 
individual groups were compared as well: *, p<0.04. 
(F=3.0, p>0.07) did not differ significantly. A small difference in 
water reabsorption in SHR is apparent (F=4.3, p<0.05), which is due to 
a decrease in fractional excretion of water in SHR at 20 weeks of age 
(p<0.04). However, there is no significant difference in fractional 
excretion of Na+ (F=1.5) p>0.2), phosphate (F=1.8, p>0.2) nor of Ca
2 + 
(F=0.3, p>0.6) between isolated perfused WKY and SHR kidneys at both 
ages studied. 
3.3.2 Renal phosphate handling 
In Fig. 3.2 the relationship between phosphate reabsorption 
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Figure 3.2 The relationship between phosphate reabsorption 
normalized for GFR and phosphate concentration in the 
perfusate of isolated perfused WKY and SHR kidneys at 12 (left 
panel) and 20 (right panel) weeks of age The dashed lines 
represent 100% reabsorption of phosphate Every point repesents a 
single experiment. 
normalized for GFR and phosphate concentration m the perfusate of 
isolated perfused WKY and SHR kidneys at 12 and 20 weeks of age is 
shown. The phosphate reabsorption normalized for GFR reached a maximum, 
called Tm/GFR, during a raise in phosphate concentration. The Tm/GFR 
is around \k mM phosphate for both strains and at both ages studied, 
which is high compared to the 'in vivo' value (Caverzasio et al., 1982; 
Hsu et al., 1984). This is presumably due to the absence of PTH in 
isolated perfused kidneys Indeed, hPTH decreased phosphate 
reabsorption in isolated perfused kidneys, without effecting Na + 
reabsorption noticeably (Fig 3.3) hPTH introduced 70 m m after 
starting the perfusion, decreased phosphate reabsorption from W« to 
almost 80°,,. However when hPTH was introduced at the beginning of the 
experiment, phosphate reabsorption stabilized at 70%. These values are 
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Figure 3.3 Effect of synthetic human parathyroid hormone(l-34) 
on Na+ and phosphate reabsorption of isolated 
perfused WKY kidneys at 12 weeks of age. The figure represents a 
typical experiment. Phosphate concentration in the perfusate was 
7 mM. hPTH, human parathyroid hormone; Pi, phosphate. Left 
panel: Effect of 200 U/l hPTH added 70 min after starting the 
perfusion, followed at 105 min by an additional 600 U/l hPTH 
(final concentration). Right panel: From the beginning of the 
perfusion 200 U/l hPTH was present in the perfusate followed at 
100 m m by an extra dosis of 600 U/l hPTH (final concentration). 
close to the 'in vivo' value of 70-80?, (Amiel, 1980). 200 U/l hPTH 
decreased phosphate reabsorption maximally, since 600 U/l hPTH failed 
to show an additional effect on phosphate reabsorption in both 
situations tested. The phosphate reabsorption normalized for GFR was 
averaged for phosphate concentrations in the perfusate above 12 raM 
yielding at 12 weeks: WKY, 13.3±0.2 mM and SHR, 12.3±0.4 and at 20 
weeks: WKY, 13.7±0.8 and SHR, 13.3±0.4, to test the statistical 
difference between both strains in Tm/GFR. After doing so, there was no 
statistical difference in Tm/GFR, neither between both rat strains 
(F=2, p<0.2) nor between the two age groups (F=2, p<0.2). 
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Figure 3.4 Calcium reabsorption as a function of the calcium 
load ( = Ca 2 + concentration GFR) and Ca2 + 
reabsorption normalized for GFR as a function of Ca2 + 
concentration in the perfusate of isolated perfused WKY and SHR 
kidneys at 12 weeks of age The lines represent 100% reabsorption 
of Ca * Every point represents a single experiment 
3 3.3 Renal calcium handling 
In Fig 3 4 renal calcium handling of isolated perfused WKY and SHR 
kidneys at 12 weeks of age is expressed in two different ways Firstly, 
Ca 2 + reabsorption is expressed as a function of the Ca 2 + load. 
Secondly, Ca 2 + reabsorption normalized for GFR is represented as a 
function of perfusate Ca 2 + concentration. A raise in filtered load of 
Ca 2 + was produced either by raising the concentration of Ca 2 + m the 
perfusate or by increasing GFR Upto at least 1 pmol/min there is a 
linear relation between Ca 2 + reabsorption and Ca 2 + load No maximum m 
Ca 2* reabsorption normalized for GFR, as found for phosphate, could be 
demonstrated m both rat strains Linear regression analysis of the 
data of Fig 3.4 was performed to assess the significant difference 
between the rats The hypothesis that the lines of WKY and SHR in the 
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left panel of Fig. 3.4 are significantly different was rejected. 
Therefore, there was no significant difference neither in slopes 
(p>0.20) nor in intercepts (p>0.08) between both rat strains. As far as 
the right panel of Fig. 3.4 is concerned, the hypothesis that both 
lines are significantly different was not rejected. There was a 
significant difference in intercepts between WKY and SHR (p<0.03), 
whereas the slopes did not significantly differ (p>0.07). But the 
physiological impact of this difference in intercepts is small, since 
the difference in intercepts averages only 0.03 mM. An identical 
linear relation between Na + and Ca 2 + reabsorption was observed m 
isolated perfused kidneys of both strains (Fig. 3.5): neither the 
slopes (p>0.5) nor the intercepts (p>0.2) were significantly different 
between WKY and SHR. 
3.3.4 Furosemide and chlorothiazide action 
The effects of furosemide and chlorothiazide, two diuretics with 
different mechanisms of action, were studied in the isolated perfused 
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Figure 3.6 Effect of furoseraide and chlorothiazide on hemodynamics and electrolyte 
excretion of isolated perfused WKY (·) and SHR (o) kidneys at 12 weeks 
of age. Values represent mean ± SEM. Number of experiments is 5. The perfusate 
contained 1 μΜ verapamil. C, control; Furo, 5ΊΟ M furoseraide; CTZ, 1Ί0~* M 
chlorothiazide; V, diuresis; exc, excretion; ΔρΗ, pH difference between perfusate 
en urine sample; Pi, phosphate. Significant difference between SHR and WKY was 
determined by Students t-test: *, p<0.05. 
kidney preparation (Fig 3 6) Verapamil (1 μΜ) was added to the 
perfusate to avoid effects of diuretics on RPP, since addition of 
diuretics, in our experiments, induced contractions of the renal 
vasculature Both diuretics effected the hemodvnamics of isolated 
perfused kidneys GFR and diuresis increased upon addition of either 
one of the diuretics Diuretics increase water and electrolyte 
excretion either by increasing the filtered load or by decreasing 
reabsorption at any of several tubular sites (Brater, 1983) Diuresis 
and electrolyte excretion were normalized for GFR in order to 
discriminate between both possible actions Besides increasing GFR, 
these diuretics also decreased water reabsorption in the isolated 
perfused kidney It is important to note that diuresis was 
significantly less stimulated in SHR than in WKY kidneys Na*, K+ and 
Ca 2 + reabsorption were decreased by furosemide as well as by 
chlorothiazide, which is concluded from increased Na +, K* and Ca 2 + 
excretion normalized for GFR Ca J + reabsorption was significantly less 
influenced by both diuretics m SHR kidneys compared to the WKY 
kidneys The same holds for chlorothiazide action on Na + and phosphate 
reabsorption Furosemide slightly increased the pH difference between 
perfusate and urine sample, ΔρΗ, in isolated perfused WKY and SHR 
kidneys Chlorothiazide had an opposite effect on urinary acidification 
in both kidneys 
Thiazide diuretics are well known for there hypocalciunc effect 
(Odlind, 1984) However in our study, chlorothiazide was calciunc as 
well as natriuretic Although the mechanism behind the earlier reported 
hypocalciunc effect of the thiazides is not clear, we studied the 
action of chlorothiazide also in the presence of hPTH (Fig 3 7) The 
effects of chlorothiazide on electrolyte reabsorption in the absence of 
PTH were comparable to those of Fig 3 6 and are therefore not 
discussed The presence of hPTH did not alter the hypernatriuric action 
of chlorothiazide in kidneys of both strains But now chlorothiazide no 
longer decreased Ca 2 + reabsorption in the isolated perfused kidneys, 
50 
— 
+ 
PTH 
CTZ 
+ 
+ 
Να
+
 reabsorption (%) 
100
 Ί 
90 
Ca2* reabsorption (%) 
100-
90-
Ρι reabsorption (%) 
100-1 
90 
A 
D WKY 
•U £ 
1 S H R 
ним 
- U ^ 
Figure 3.7 Effect of chlorothiazide in the absence and presence 
of synthetic human parathyroid hormone(l-34) on the 
Na +, Ca 2 + and phosphate reabsorption of isolated perfused WKY and 
SHR kidneys at 12 weeks of age. Values represent mean ± SEM. 
Number of experiments is 6. The perfusate contained 1 μΜ 
verapamil. Pi, phosphate; CTZ, 1-10"* M chlorothiazide; PTH, 200 
U/l human parathyroid hormone(1-34). Significant difference was 
determined by unpaired t-test, control compared with 
chlorothiazide: *, 0.01<p<0.05; **, 0.001<p<0.01 ; ***, p<0.0001 
and as indicated: +, p<0.05. 
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which suggests that the hypocalciuric effect of chlorothiazide 'in 
vivo' is mediated by PTH. Furthermore, hPTH potentiated the 
hyperphosphatiuric action of chlorothiazide (Fig. 3.7). No difference 
between the actions of hPTH on both kidneys could be detected. 
3.4 DISCUSSION 
This study on isolated perfused kidneys did not provide additional 
evidence for an intrinsic defect in the SHR kidney as a factor in the 
pathogenesis of a disturbed metabolism of phosphate and calcium in SHR. 
There was no significant difference in phosphate and Ca2+ reabsorption 
between SHR and WKY when the isolated perfused kidney is used. Of 
importance is the observation that the isolated perfused SHR kidney is 
less reactive towards the diuretics, furosemide and chlorothiazide. 
Total renal vascular resistance (i.e. RPP/RPF in Table 3.2) was not 
different between WKY and SHR kidneys. Despite increased total renal 
vascular resistance in SHR rats assessed 'in vivo' (Folkow, 1982). 
Since the vasculature in the isolated perfused kidney is completely 
vasodilated (Brink et al., 1983b), the differences between renal 
vascular resistance in both rat strains must have disappeared. In 
contrast, two other studies showed that isolated perfused SHR kidneys 
have higher resistances than those in WKY, across a wide range of blood 
pressures even after maximal dilatation with papaverine (Tobian et al., 
1975; Brink et al., 1983b). Also other hemodynamic parameters were not 
altered in SHR kidneys when compared with WKY kidneys. 
Hypophosphaturia in SHR is now well documented and can be observed 
when 24-hour urine collections are analyzed (Bloomquist et al., 1983; 
Hsu et al., 1984; Bindeis et al., 1986b), when tubular phosphate 
reabsorption 'in vivo' is measured (Hsu et al., 1984) and when the 
capacity of the Na+-dependent phosphate transport in isolated renal 
brush border membranes is determined (Bindels et al., 1986b). Using the 
isolated perfused kidney, hypophosphaturia in SHR could not be detected 
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at 12 nor at 20 weeks of age. Some restrains of this 'in vitro' model 
should be discussed. Studying phosphate handling in the absence of 
PTH, as done in our study, results in a dramatic decrease in phosphate 
excretion. The Tm/GFR value for phosphate was about 14 mM which is 
tremendous when compared to the 'in vivo' value of 2 mM (Caverzasio & 
Bonjour, 1985). Hence, it is quite possible that the small difference 
in phosphate excretion that exists 'in vivo' between SHR and WKY is 
completely overruled. In one study, thyroparathyroidectomy increased 
the Tm/GFR value for phosphate from 2 to 4 mM, which is by no means 
equal to our value of 14 mM. Although in a preliminary experiment was 
shown that addition of hPTH decreased phosphate reabsorption in 
isolated perfused WKY kidneys to 75%, which resembles the 'in vivo' 
phosphate reabsorption (Caverzasio & Bonjour, 1985). Other factors 
must be involved to explain the difference between the 'in vivo' and 
'in vitro' Tm/GFR value. In all isolated perfused kidney preparations 
functional abnormalities exist (Maack, 1980). Abnormal distal nephron 
functions is the most prominent déficience of this preparation. Since 
functional and anatomical lesions have been described in the thick 
ascending limb of the loop of Henle that progress from mitochondrial 
swelling at 15 rain to complete cellular disruption at 90 min (Brezis et 
al., 1984). On the other hand, addition of a amino acid cocktail, as 
we did, improved the described lesions (Epstein et al., 1982). 
Moreover, glomerular and proximal convoluted proximal tubular 
functions are well preserved (Maack, 1980). In addition, the isolated 
perfused kidney is removed from the normal homeostatic mechanisms that 
operate in the intact animal, unknown additional factors may be 
involved as well. 
The observed correlation between Na+ and CaI+ reabsorption suggests 
some coupling between the transport mechanisms of the two ions as 
described for example in the proximale tubule (Robertson, 1976). No 
difference in calcium handling could be found between normotensive and 
hypertensive animals studied. The low GFR, which is frequently reported 
53 
in isolated perfused kidneys (Maack, 1980), results in a low filtered 
calcium load and this can partly be responsible for the failure to 
unmask differences in renal calcium handling between both rat strains 
On the other hand, hypercalciuria in SHR was not noticed before 16 
weeks of age, while the more detailed calcium handling studies reported 
in this chapter were performed with rats at 12 weeks of age Therefore, 
it is difficult to give more conclusive comments 
Furosemide belongs to the so-called loop diuretics with a primary 
site of action in the thick ascending limb of the loop of Henle 
(Puschett, 1981) Furosemide specifically and reversibly inhibits the 
Na+-2C1~-K+ cotransporter m the luminal membrane of this tubule 
segment (Greger & Schlatter, 1983) In the isolated perfused kidney, 
furosemide increased the diuresis, natnuresis, kaliuresis, calciuresis 
and urinary acidification These findings are comparable with 
furosemide actions 'in vivo' (Quamme, 1981, Odlmd, 1984) 
Although it is clear that chlorothiazide has an important site of 
action in the distal convoluted tubule, additional effects on other 
tubular sites are possible as well (Wilson et al , 1983) The precise 
mechanism of action of chlorothiazide is still not well understood 
(Suki et al , 1985) However, thiazide diuretics are known for their 
hypocalciunc action in contrast to their natriuretic actions (Costanzo 
& Wmdhager, 1978) Therefore, thiazides dissociate the frequently 
observed parallelism between calcium reabsorption and sodium 
reabsorption m the mammalian kidney Whether the thiazide-induced 
inhibition of calcium excretion also requires the presence of PTH was 
still not clear despite extensive investigations (Pak, 1981). 
Surprisingly, chlorothiazide was besides natriuretic also clearly 
calciuretic in the isolated perfused rat kidney Administration of 
hPTH completely reversed the calciuretic action of chlorothiazide, 
without changing the natriuretic action These findings suggest that 
the anti-calciuric effect of chlorothiazide, which has been reported 
'in vivo' studies (Odlind, 1984), may also be mediated by PTH. In 
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addition, PTH potentiated the Phosphaturie action of chlorothiazide, 
indicating that PTH also modulates this particular action of 
chlorothiazide. 
SHR kidneys showed some resistance towards furosemide as well as 
chlorothiazide actions. The reasons for this hyporesponse are unknown, 
but a difference in direct tubular action of the drugs between SHR and 
WKY kidneys could be responsible for this phenomenon. However, a 
decreased delivery of the drugs to the tubular lumen, for instance due 
to a lower GFR or to a reduction in the secretion of these substances 
by the proximal tubule, can not be excluded. These alternatives desire 
further study. 
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4.1 INTRODUCTION 
In spontaneously hypertensive rats (SHR), phosphate metabolism is 
abnormal when compared with normotensive Wistar-Kyoto rats (WKY). As 
shown in chapter 2, SHR manifest a long standing hypophosphatemia and 
hypophosphaturia already present at 6 weeks of age. In normotensive 
subjects, serum phosphate concentrations were inversely related to 
blood pressure (Ljunghall & Hedstrand, 1977). Moreover, in 
hyperparathyroidism associated with hypertension, serum phosphate was 
significantly lower than in hyperparathyroidism in normotensive 
subjects (Daniels & Goodman, 1983). A detailed study on phosphate 
excretion in SHR revealed a lower phosphate clearance and an increased 
tubular phosphate reabsorption in SHR when compared with WKY controls 
(Hsu et al., 1984). The abnormal phosphate excretion was abolished 
after chronic reduction of blood pressure with hydralazine (Hsu et al., 
1984). 
In several studies, it has been shown that when tubular phosphate 
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reabsorption is altered for instance by parathyroid hormone (PTH) or 
dietary phosphate manipulations, it is also reflected at the level of 
the luminal membrane of the proximale tubule, i.e. the brush border 
membrane (Fuchs & Peterlik, 1980; Hammerman et al., 1980; Cheng et al., 
1983, Kempson et al., 1983; Brunette et al., 1984b) . Therefore, we 
raised the question whether hypophosphatuna in SHR is accompanied by 
increased Na+-dependent phosphate transport in isolated brush border 
membrane vesicles (BBMV) from the renal cortex. 
4.2 MATERIALS AND METHODS 
4.2.1 Brush border membrane preparation 
WKY and SHR were used in this study at 6, 12 and 20 weeks of age. 
Renal brush border membranes were isolated with two subsequent 
magnesium precipitation steps according to Biber et al. (1981), using a 
Bounce apparatus with a tight-fitting pestle for homogemzation. 
In Table 4.1, the enrichment factors of marker enzymes in BBMV for 
SHR and WKY at 6, 12 and 20 weeks of age are shown, determined as 
described in section 4.2.2. The results indicate that the purification 
is as in the original publication (Biber et al., 1981). There is also 
no significant difference in purification between the membranes of the 
two rat strains. 
4.2.2 Enzyme assays 
Alkaline phosphatase activity was measured at 370C with p-
nitrophenylphosphate as substrate. 50 yl of sample was added to 500 μΐ 
buffer containing: 5 mM p-nitrophenylphosphate, 5 mM MgCl2, 0.25 mM 
СаСІг and 50 mM Tris/HCl, pH 9.0 (final concentration). The reaction 
was stopped by addition of 1.5 ml I N NaOH. The amount of released p-
nitrophenol was determined spectrophotometrically by measuring the 
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Table A.l Enrichment factors of marker enzymes in brush border 
membrane vesicles as a function of age in WKY and SHR 
Age (weeks) 
Alkaline 
phosphatase 
(BBM) 
Maltase 
(BBM) 
Na+-K+-ATPase 
(BLM) 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
NADPH cytochrorae-c 
reductase WKY 
(smooth endo- SHR 
plasmic reticulum) 
Succinate dehy­
drogenase 
(mitochondria) 
WKY 
SHR 
6 
(4) 
13.7±0.8 
13.3±0.6 
19.5±1.5 
1Θ 5±0.9 
1.210.1 
0.910.1 
0.310.1 
0 310.1 
ND 
ND 
12 
(6) 
13.610.8 
11.811.0 
17.711.0 
16.511.0 
0.610.2 
0.510 2 
0 7+0 1 
1.010 1 
ND 
ND 
20 
(5) 
14.711 1 
13.211.0 
22 410.9 
22.211.9 
1.110.1 
1 1+0.1 
0 2+0.1 
0.3+0.1 
ND 
ND 
F 
2.2 
0 8 
0.3 
3.4 
Ρ 
0.14 
0 38 
0 62 
0.08 
Values are means ± SEM. Number of preparations between 
parenthesis. ND, not detectable, BBM, brush border membranes; 
BLM, basolateral membranes Significant difference between SHR 
and WKY was determined by analysis of variance and expressed as 
F-value and associated probability (p). 
absorbance at 410 nm (Pye Unicam PL' 8600, Cambridge, England). The 
values are corrected for the appropriate blanks. 
Maltase activity was estimated by a procedure slightly modified from 
Dahlqvist (1964). Maltose-free samples of 0.1 ml were incubated for 30 
m m in 0.1 ml medium containing 28 mM maltose and 50 mM maleate/NaOH, 
pH 6.0, at 250C. The reaction was terminated by heating for 3 min in a 
boiling water bath. Blanks of the same composition were heated 
immediately after mixing. Subsequently, the reaction mixture was 
diluted in 3.8 ml of a medium containing 6 mM glucose oxidase, 200 mM 
Tris/HCl, pH 7.0, 0.5 mg horse radish peroxidase, 5 mg o-dianisidine 
and 0.2™ (w/v) Triton X-100, and incubated for 60 m m at 250C. Glucose 
is determined spectrophotometrically by measuring absorbance at 420 nm. 
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The values are corrected for the appropriate blanks. Calibration was 
performed with a solution of 1.0 mM glucose. 
Na+-K+-ATPase activity was assayed in a medium containing 100 mM 
NaCl, 10 mM KCl, 5 mM MgCl2, 2 mM МагАТР, 2.9 mM EDTA, 50 mM Tris/HCl, 
pH 7.4 at 370C, in the presence or absence of 1.7 mM ouabain. 
Activities are defined as the ouabain-sensitive part of the total ATP 
hydrolysis. Samples of 25-50 yl arc incubated 30 min at 370C in 0.5 ml 
medium. The ATPase reaction is terminated by addition of 0.5 ml 5% 
(w/v) trichloric acetic acid (TCA) and the inorganic phosphate 
liberated is determined by adding 1 ml of a freshly prepared solution 
of 4% (w/v) ГеЗО^-бНгО and 1% (w/v) ammonium heptamolybdate in 2.3 N 
H2SO4 according to Bonting and Caravaggio (1963). After 30-60 min the 
absorbance is measured at 690 nm. Calibration is carried out with a 1.0 
mM КгНРО^ solution. 
Succinate dehydrogenase was measured in a medium containing 50 mM 
Na-succinate, 25 mM sucrose and 1 mg/ral 2-(p-iodophenyl)3-(p-
nitrophenyl)5-phenyltetrazolium hydrochloride according to Pennington 
(1961). The reaction was started by addition of 10-50 yl samples to 0.5 
ml assay-mix and incubations were carried out for 10-90 min at 25eC 
untili appropriate violet colouring. The incubation is terminated by 
adding 0.5 ml 10% (w/v) TCA and extraction is performed with 2 ml 
ethylacetate. The activity is determined in the organic phase by 
measuring the absorbance at 490 nm, allowing 2 h for phase separation. 
NADPH cytochrome-c reductase activity is determined as described by 
Omura & Takesue (1970). In two cuvettes a 10-100 yl sample is added to 
1 ml medium containing 1 mM KCN, 20 yM cytochrome-c and 100 mM 
K2HPC4/KH2PO4, pH 7.5. The reaction was started by addition of 10 yl 
of a 1 mM NADPH solution to one of the cuvettes and the reduction of 
cytochrome-c is followed by recording the difference in absorbance 
between the two cuvettes at 550 nm in an Aminco DW-2a spectrophotometer 
(American Instrument Company, Silverspring, USA). 
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Figure 4.1 
Time course of 
[12P]phosphate uptake in 
brush border membrane 
vesicles isolated from 
pooled renal cortices of 
WKY. Phosphate uptake 
measured with 0.1 mM 
phosphate and 100 mM NaCl 
(o) in the medium. In 
controls, NaCl was 
replaced by 100 mM KCl 
(·). The results 
represent a typical 
experiment. Uptake at 
each time point is a mean 
value of triplicates. 
Standard errors are 5% or 
less for all points. 
4.2.3 Uptake of [12P]phosphate 
The uptake of [32P]phosphate was measured by a rapid filtration 
technique using 0.45 μιη filters (Schleicher and Schüll, Dassel, FRG). 
Incubation was started by adding 5 yl of membrane suspension (30 pg 
protein) to 45 111 of incubation medium containing 0.01-1.0 mM Na2HP0^ 
(final concentration). The uptake reaction was quenched by addition of 
1.1 ml of an ice-cold stop solution. The radioactivity on the filters 
was counted by means of conventional liquid scintillation techniques. 
All incubations were carried out in triplicate at 250C. Uptake 
experiments were carried out in a medium containing 100 mM NaCl, 100 mM 
mannitol and 1 mM NaNs buffered with 20 mM HEPES/Tris at pH 7.4. The 
stop solution contained 100 mM KCl, 100 mM mannitol, 1 mM NaNs and 10 
mM Na2HAsC4 buffered with 20 mM HEPES/Tris at pH 7.4. 
Preliminary experiments were performed to find conditions for 
initial rate of [32P]phosphate uptake by BBMV from rat kidney cortex as 
shown in Fig. 4.1. Phosphate uptake in the presence of a sodium 
gradient is linear up to at least 20 sec, whereas very small uptake 
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rates are found in the presence of potassium From the experiments 
presented in Fig 4 1, it appears that Na+-dependent binding occurs at 
zero time (extrapolation of both time courses to zero time) In view of 
these results, the initial rates are calculated from phosphate uptake 
values at 15 sec minus uptake values at 5 sec in the presence of 100 mM 
NaCl and corrected for the Na+-independent phosphate uptake determined 
in the presence of 100 mM KCl instead of NaCl between the same time 
interval 
The uptake of D-[3H]glucose was measured as described above for 
[32P]phosphate The incubation medium also contained 0 1-3 0 mM D-
glucose (final concentration) instead of phosphate and 1 mM MgClj 
Phlorizin (1 mM) instead of Na2HAsO^ (10 mM) was used in the stop 
solution 
4 2 t Analytical methods 
Serum was obtained by orbit puncture and analyzed for inorganic 
phosphate (section 2 2 4) Protein was determined with a commercial 
Coomassie blue kit (Biorad, Richmond, USA) 
The results were evaluated statistically as reported m section 
2 2 5 
4 3 RESULTS 
4 3 1 Na+-dependent phosphate uptake in BBMV 
Phosphate uptake in the presence of a Na+-gradient in BBMV from 
kidneys of WKY and SHR was measured and there was no difference in 
uptake of 0 1 mM phosphate between BBMV from kidneys of WKY and SHR at 
12 weeks of age (490±50 vs 433±16 pmol/mg protein, p>0.3) after 75 m m 
of incubation. This indicates that the equilibration space for 
phosphate is equal in both BBMV preparations. 
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Initial rates of phosphate uptake were studied in the range of 
0.01-1.0 mM phosphate in the incubation medium. Eadie-Hofstee plots of 
Na+-dependent phosphate uptake in BBMV from 6, 12 and 20 weeks old rats 
are shown in Fig. 4.2 A slight deviation from linearity or single 
Michaelis-Menten kinetics can be observed in some plots of low 
phosphate concentrations This indicates either a dual mechanism or a 
two-site transport mechanism for phosphate in the brush border membrane 
of rat kidney cortex Brunette et al (1984) reported recently a second 
component in Lineweaver-Burk plots of Na+-dependent phosphate uptake in 
rat kidney cortex In their study, a dual mechanism was most marked at 
35eC, but at 250C a detailed study of the dual mechanism was not 
warranted. For this reason, we fitted our data in the Eadie-Hofstee 
plots to a single-site mechanism by linear regression and calculated 
the maximal transport capacity, V , and the apparent affinity 
constant, К . The kinetic parameters are presented in Table 4.2. 
Na+-dependent phosphate uptake was increased in SHR compared with 
the age-matched WKY for all phosphate concentrations and at all ages 
studied. These differences are reflected in the kinetic parameters. 
V was significantly higher in SHR compared with the age-matched WKY 
control (F=8I p<0.01), due to the studies performed at 12 and 20 weeks 
of age In addition, the maximal transport capacity decreased with age 
(F=5, p<0.02) regardless of the strain. In contrast, the К was not 
influenced by age (F=0.3, p>0.7) and is similar in both strains (F=0.1, 
p>0.8). 
4.3.2 Na+-dependent D-glucose uptake in BBMV 
The initial rates of Na+-dependent D-glucose uptake in BBMV from WKY 
and SHR at 12 weeks of age were studied in the range of 0.1 to 3.0 mM 
D-glucose (Table 4 3) There were no significant differences in D-
glucose uptake between the two strains (F=l 1, p>0.5). Table 4 3 also 
gives an estimate of the intravesicular volumes as determined from the 
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Figure 4.2 
Eadie-Hofstee plots of Na+-dependent phosphate uptake (ν) in renal BBMV of WKY and 
SHR at 6, 12 and 20 weeks of age. Initial rates of phosphate are means of uptake 
rates obtained in 5 different membrane preparations. Bars denote SEM. Lines 
represent a linear regression of the data, used to calculate the kinetical 
parameters. 
Table 4.2 Kinetic parameters of Na*-dependent phosphate uptake 
in renal brush border membranes as a function of age 
in WKY and SHR 
Age (weeks) 
V
m
ax
 W K Y 
(nmol/min/ SHR 
mg protein) 
К WKY 
Ш 
(μΜ) SHR 
6 
(5) 
11.2І0.7 
12.3±1.1 
67-П 
64±9 
12 
(5) 
9 6±0.9 
11.6±1 1* 
57+9 
64±9 
20 
(6) 
8.510.6 
10 410.7* 
6115 
6114 
Γ Ρ 
8 0.01 
0.1 0.8 
Values are mean 1 SEM Number of preparations between 
parenthesis Vmax, maximal transport capacity, Km, apparent 
affinity constant. Significant difference between SHR and WKY 
was determined by analysis of variance and expressed as F-value 
and associated probability (p). In case of an overall 
significant effect individual SHR and age-matched WKY were 
compared as well: *", p<0.05. 
uptake of 0.1 mM D-glucose after 75 m m of incubation No significantly 
different intravesicular volumes were found for BBMV of WKY and SHR 
(p>0.4). 
4.3.3 Alkaline phosphatase and maltese activity in kidney cortex 
In addition to increased Na+-dependent phosphate uptake in renal 
BBMV of SHR, we found a significantly higher alkaline phosphatase 
activity in homogenates from SHR kidney cortices and only a slight 
increased activity in isolated BBMV, presumably due to the great 
experimental scatter m this group In contrast, the specific activity 
of maltese, another brush border membrane marker, is not significantly 
different in homogenates nor in isolated BBMV from SHR kidney cortices 
compared with the age-matched WKY kidney cortices. The specific 
activities of alkaline phosphatase and maltase are given in Fig 4 3. 
It is noteworthy that low-phosphate diets also induce a parallel 
increase in renal brush border membrane alkaline phosphatase activity 
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Table U.3 Na+-dependent D-glucose uptake (nmol/min/mg protein) 
in renal brush border membranes from 12 weeks old WKY 
and SHR 
D-glucose concentration (mM) Vesicular 
space 
0.1 0.5 1.0 3.0 (μΐ/mg 
protein) 
WKY 1.3І0.2 6.410.4 9.9±0.6 14.4±1.7 4.110.3 
SHR 1.1+0.1 6.311.1 8.611.1 14.412.2 3.8+0.3 
Values are mean 1 SEM from 4 experiments. There are no 
statistically significant differences between SHR and WKY (F=l.l, 
p>0.5). Intravesicular volume was calculated from D-glucose 
uptake after 75 m m with 0.1 mM D-glucose. 
and Na+-dependent phosphate uptake, whereas no such correlation was 
observed with other brush border markers (Shah et al., 1979; Turner et 
al.. 1982). 
4.3.4 Correlation between serum phosphate and V _ 
r r
 max 
In Fig. 4.4, the serum phosphate concentration is plotted against 
the maximal transport capacity of the Na+-dependent phosphate 
transporter (Table 4.2) observed in WKY and SHR at 6, 12 and 20 weeks 
of age. The shift of the SHR data to the left points towards an 
increasing need for phosphate reabsorption in SHR as an attempt to 
reach a normal blood phosphate level. Therefore Fig. 4.4 supports the 
view of a primary hypophosphatemia in SHR followed by adaptation of the 
kidney in the direction of increased phosphate retention. 
4.4 DISCUSSION 
In the present study, we found an increase in the Na+-dependent 
phosphate transport capacity, V , in isolated renal cortical BBMV 
from SHR, which explains the hypophosphaturia in SHR. In spite of the 
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Figure 4.3 Specific activity of alkaline phosphatase and maltase 
in kidney cortex membranes as a function of age in 
WKY and SHR. Values are mean ± SEM Alkaline phosphatase 
activity is expressed in jimol PNP/h/mg protein and maltase 
activity is expressed in pmol glucose/h/mg protein 5 membrane 
preparations were used for each group. HQ , homogenate, BBMV, 
renal brush border membrane vesicles. Significant difference 
between SHR and WKY was determined by analysis of variance and 
expressed as F-value and probability (p). In case of an overall 
significant effect individual SHR and age-matched WKY were 
compared as well *, p<0.05; **, 0 05<p<0 01. 
significant increase m Na+-dependent phosphate uptake in vitro, 
resulting in a smaller phosphate excretion in vivo, hypophosphatemia 
remains a salient feature in SHR at all ages studied when compared with 
the age-matched WKY controls (see chapter 2). In view of these 
findings, it is unlikely that hypophosphatemia in SHR is due to a 
defect in phosphate handling by the kidney but more likely that it is 
the result, for instance, of decreased intestinal absorption or 
decreased bone resorption. 
In several studies, it has been shown that reduced or increased 
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Figure 4 4 Dependence of maximal transport capacity of 
Na -dependent phosphate uptake in BBMV on serum 
phosphate concentration in WKY and SHR at 6, 12 and 20 weeks of 
age 
tubular phosphate reabsorption is reflected in a decrease or increase 
in the V of the Na+-dependent phosphate transporter m isolated 
brush border membranes (Cheng et al , 1983, Kempson et al , 1983) Our 
observation that an increase in phosphate reabsorption in SHR is also 
reflected at the brush border membrane level is yet another 
demonstration of the fact that changes in tubular phosphate 
reabsorption in vivo are preserved during membrane isolation and can 
thus be studied in vitro with BBMV 
This change in BBMV transport is specific for phosphate because 
uptake of D-glucose, which is also a sodium gradient dependent proces, 
was not significantly different between SHR and WKY The uptake of 
phosphate and D-glucose at equilibrium point (75 min) was similar in 
both strains indicating that intravesicular space in BBMV preparations 
from SHR was not different from WKY Thus, increased uptake of 
S H R 
W K Y 
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phosphate by BBMV from SWR is not due to increased vesicle size. 
Caverzasio et al. (1982) reported that tubular phosphate 
reabsorption decreased when rats became adult and that this was a PTH-
independent phenomenon. Chapter 2 (Fig. 2.5) described a continues 
rise in phosphate excretion in WKY and SHR with age and phosphate 
excretion stabilized at approximately 16 weeks of age. This age effect 
on tubular phosphate reabsorption is also reflected at the brush border 
level as a decrease in V of the Na*-dependent phosphate uptake 
(Table 4.2). The decrease in tubular phosphate reabsorption was also 
observed in SHR, indicating that the age effect is unimpaired in SHR 
despite higher tubular phosphate reabsorption rates. Effects of vitamin 
D3 status, PTH levels, and adaptation to high and low phosphate diets 
in general change the V of the Na+-dependent phosphate uptake in 
brush border membranes but leave the affinity of the transporter for 
phosphate unchanged (Fuchs & Peterlik, 1980; Hammerman et al., 1980; 
Cheng et al., 1983). Hypophosphatemia in SHR is expressed at the 
kidney brush border membrane level as a typical V _ effect, since the J Jr
 max 
affinity for phosphate is not significantly different in WKY and SHR 
(Table 4.2). This holds also for the age effects, where decreases in 
V values are significant but no changes in affinity are detected. 
A remarkable parallelism between the specific activity of alkaline 
phosphatase and the magnitude of the Na'1'-dependent phosphate uptake in 
renal BBMV emerges from the literature. In several pathophysiological 
states in which renal Na+-dependent phosphate uptake is decreased, the 
specific activity of alkaline phosphatase, but not that of other brush 
border membrane markers, is diminished (Shah et al., 1979; Tenenhouse 
et al., 1980; Turner et al., 1982). In contrast, when Na+-dependent 
phosphate uptake is increased, as in nutritional phosphate deprivation, 
the alkaline phosphatase activity is also increased (Shah et al., 1979; 
Turner et al., 1982). It is of interest that in SHR renal brush border 
membranes, the same parallelism is observed as in low-phosphate diet 
conditions. Despite the parallel increase, it is unlikely that 
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alkaline phosphatase has a role in Na+-dependent phosphate uptake, 
since some inhibitors of alkaline phosphatase have no effect on 
phosphate transport (Shirazi et al., 1981). In addition, selective 
removal of 90?» of alkaline phosphatase activity from renal brush border 
membranes did not effect Na+-dependent phosphate uptake (Yusufi et al., 
1983). 
In conclusion, the earlier reported disturbances in phosphate 
metabolism in SHR including hypophosphatemia and hypophosphaturia 
(.chapter 2) are accompanied with an adaptive change in the transport 
capacity of Na+-dependent phosphate uptake in brush border membranes 
from renal cortex of SHR. Whether there is a causal relationship 
between hypertension and disturbances in phosphate metabolism can not 
easily be answered and needs certainly further investigation. 
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R O L E OF T H E KIDNEY IN PHOSPHATE, 
CALCIUM A N D MAGNESIUM METABOLISM 
IN T H E SPONTANEOUSLY HYPERTENSIVE RAT 
Ca 2 + Transport in Renal Basolateral Membranes 
RJM Bindels, JAM Geertsen and CH van Os 
Clin Exp Hypertension A7: 1719-1730, 1985 
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5.1 INTRODUCTION 
Recent studies have suggested disturbances in cellular calcium 
regulation in spontaneously hypertensive rats (SHR). SHR's 
abnormalities in cell membrane transport and binding of calcium have 
been reported in various tissues. In SHR a decreased ATP-dependent Ca2+ 
transport is described in plasmamembranes and endoplasmic reticulum of 
adipose tissue (Postnov & Orlov, 1980) and in microsomes and 
plasmamembranes of vascular smooth muscle cells (Web & Bhalla, 1976; 
Kwan & Daniel, 1981). In addition, elevated activities of 
intracellular free Ca2+ have been reported in platelets (Bruschi et 
al., 1985), lymphocytes (Bruschi et al., 1984), erythrocytes (Losse et 
al., 1984) and smooth muscles cells (Losse et al., 1984) of SHR. 
Moreover, the calmodulin-activated Ca2+ transport across the 
erythrocyte membrane is reduced in SHR (Orlov et al., 1983). Decreased 
calmodulin levels were demonstrated in brain, heart, aorta and kidney 
of SHR (Higaki et al., 1985). 
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The role of intracellular calcium as a second messenger in a variety 
of cell functions is now well elucidated (Carafoli, 1982). The precise 
control and regulation of intracellular calcium is therefore a 
prerequisite for a normal cell function. In most animal cells, the 
plasmamembrane contains two systems to maintain intracellular calcium 
(Carafoli, 1982). One is the CaJ+ specific ATPase and the other a 
Na+/Ca2+ exchange system that ejects calcium in exchange for sodium. 
Other systems possibly involved in the regulation of intracellular 
calcium are endoplasmic reticulum, mitochrondria, Ca2+-binding proteins 
and Ca2+-channels (Carafoli et al., 1982). Dysfunction of cellular 
calcium regulation may lead to altered cell function and this could be 
a primary factor in the pathogenesis of hypertension (Sprenger, 1985). 
Also renal proximale tubule cells contain the earlier mentioned two 
systems, i.e. Ca2+-stimulated ATPase and a Na+/Ca2+ exchange system 
(Suki, 1979). Both systems are located in. the basolateral membrane of 
the proximale tubule cell (van Heeswijk et al., 1984). Besides 
maintaining intracellular Ca2+ in these cells within narrow limits, it 
might also be responsible for active Ca2+ transport in renal tubulus 
(Suki, 1979). In addition, in patients with essential hypertension 
(McCarron et al., 1980) and in SHR (McCarron et al., 1981; Bindeis et 
al., 1984) increased renal excretion of calcium has been reported. 
The aim of the present study was therefore to characterize the ATP-
dependent Ca2+ transport and Na+/Ca2+ exchange present in basolateral 
membrane vesicles (BLMV) from kidney cortex of SHR. 
5.2 MATERIALS AND METHODS 
5.2.1 Basolateral membrane preparation 
Basolateral membranes of kidney cortex were isolated from SHR and 
Wistar-Kyoto rats (WKY) at 12 and 20 weeks of age, as previously 
described in detail (van Heeswijk et al., 1984). In the final 
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Table 5.1 Enrichments factors of marker enzymes in basolateral 
membranes from WKY and SHR kidney cortex 
Age (weeks) 12 20 F Ρ 
Na+-K+-ATPase WKY 24 ± 3 22 ± 3 
(BLM) SHR 27 ± 4 23 ± 3 0 3 0.6 
Alkaline phos­
phatase WKY 2.310.3 3.5±0.5 
(BBM) SHR 2.1±0.2 3.5±0.6 0 1 0.8 
Succinate dehydro­
genase WKY 0 4110.03 0.75±0.10 
(mitochondria) SHR 0.39±0.04 0.4910.06 2.9 0.1 
Values are mean 1 SEM. Number of membrane preparations is 8 for 
each group BLM, basolateral membranes; BBM, brush border 
membranes The statistical significance between SHR and WKY was 
determined by analysis of variance and expressed as F-value and 
associated probability (p). 
isolation step, BLMV were washed and resuspended In a medium containing 
150 mM KCl, 5 mM MgCl2 and 20 mM HEPES/Tns, pH 7.4. In Table 5 1 the 
enrichment factors of marker enzymes in BLMV for WKY and SHR at 12 and 
20 weeks of age are shown, assayed as described in section 4 2.2. The 
results indicate that the purification is as in the original 
publication There is also no significant difference in purification 
factors between the membranes of the two strains. 
5.2.2 Uptake of Ca I + 
»s 
The uptake of Ca 2 + was measured by conventional rapid filtration 
techniques (van Heeswijk et al., 1984). Briefly, incubation was started 
by adding 50 vl of membrane suspension (50 ug protein) to 100 yl of 
uptake medium. The final concentrations were 150 mM KCl, 20 mM 
HEPES/Tris, pH 7 4, no ATP or 6 mM Tris-ATP, 0.5 mM EGTA, 0.5 mM NTA, 
an amount of calculated CaCl? to bring the free Ca 2 + concentration to 
the desired level (0.025-1 yM) and a calculated amount of MgCl2 to keep 
the free Mg 2 + concentrations at about 1.7 mM (van Heeswijk et al., 
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1984) Four minutes before the experiment, the vesicles and the uptake 
medium are brought to the desired temperature of 370C in a water bath 
At certain time intervals 25 μΐ aliquots were taken and quenched into 1 
ml ice-cold stop solution containing 1 mM ЬаСІз, 150 mM KCl and 20 mM 
HEPES/Tris, pH 7 4. The radioactivity on the filters was counted by 
means of conventional liquid scintillation techniques All incubations 
were carried out in triplicate at 37 С The initial rates are 
calculated from Ca 2 + uptake values at 60 sec minus uptake values at 30 
sec in the presence of 6 mM Tris-ATP and corrected for ATP-independent 
uptake determined in the absence of ATP between the same time 
intervals. This procedure ensures Ca 2 + uptake under initial rate 
conditions (van Heeswijk et al , 1984). 
5 2 3 Analytical methods 
Protean was determined with a commercial Coomassie blue kit (Biorad, 
Richmond, USA) 
The results were evaluated statistically as described in section 
2.2.5. 
5.3 RESULTS 
5 3 1 ATP-dependent Ca 2 + transport in BLMV from rat renal cortex 
In Fig 5.1 the kinetic properties of ATP-dependent Ca 2 + transport 
in BLMV from kidneys of WKY and SHR of 12 and 20 weeks of age are 
shown. Ionized Ca 2 + ranged from 0.025 to 1.0 μΜ The data represented 
in Eadie-Hofstee plots are fitted to Michaelis-Menten kinetics, 
yielding the kinetic parameters summarized in Table 5.2. In 12 weeks 
old WKY the maximal transport capacity, V , was 5.7 nmol/mln/mg 
protein with an affinity for Ca 2 + of 0.14 μΜ at 37eC. The apparent 
affinity constants, К , are comparable to the ionized Ca 2 + 
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Figure 5.1 Kinetics of ATP-dependent Са 2 + uptake in basolateral 
membranes of kidney cortex from WKY and SHR at 12 
(upper panel) and 20 (lower panel) weeks of age. Initial rates 
of ATP-dependent Ca 2 + uptake (nmol/min/mg prot) represent the 
mean of uptake rates obtained in 5 different membrane 
preparations The bars denote SEM. The inset shows an Eadie-
Hofstee plot of the data. 
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Table 5.2 Kinetic parameters of ATP-dependent Ca2+-uptake in 
basolateral membranes of kidney cortex from WKY and 
SHR 
Age (weeks) 
V 
max 
(nmol/min 
/mg prot) 
K
m 
(μΜ) 
WKY 
SHR 
WKY 
SHR 
12 
(6) 
5.7+0.5 
4.6±0.A 
0.14±0.02 
0.08+0.01 
20 
(5) 
4.8+0.5 
5.5+0.9 
0.12+0.02 
0.15+0.02 
0.1 0.7 
0.6 0.4 
Mean value + SEM. Number of experiments between parenthesis. 
Significant difference between SHR and WKY was determined by 
analysis of variance and expressed as F-value and associated 
probability (p). 
concentration in the cytosol of proximal tubular epithelium (Borle Ь 
Snowdone, 1982). There is no difference in V (F=0.1, p>0.7) nor in 
' max
 r 
К (1-0.6, p>0.4) between the WKY and SHR at the two ages. 
m 
5.3.2 Effects of Na + on ATP-dependent Ca 2 + transport in BLMV 
Fig. 5.2 gives a schematic representation of two possibilities for 
Na +/Ca 2 + exchange to interfere with ATP-dependent Ca 2 + transport. The 
ATP-dependent Ca 2 + transport in the absence of sodium is taken as 
control (100%) (Fig. 5.2a). When sodium is present in the uptake medium 
in relatively high concentrations, it will release calcium via the 
Na +/Ca 2 + exchange system that has been accumulated by Ca2+-ATPase (Fig. 
5.2b). Another possibility is that the (Na+-K+)-ATPase which is also 
present in BLMV, generates a sodium gradient which favours calcium 
accumulation via the Na +/Ca 2 + exchange system. This is most likely to 
occur with low sodium concentrations in the uptake medium (Fig. 5.2c). 
Both possibilities have been tested and the results are summarized 
in Table 5.3. When 5 mM Na + is present in the uptake medium, a 
stimulation of 21% of the ATP-dependent Ca 2 + uptake at 0.1 vM ionized 
Ca 2 + and a stimulation of 10% at 1.0 μΜ ionized Ca 2 + occured in BLMV of 
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Figure 5.2 Schematic representation of possible interferences of 
Na+ with ATP-dependent Ca 2 + uptake. For explanation 
see text. 
12 weeks old WKY. However at 20 weeks of age, 5 mM Na+ failed to 
stimulate the ATP-dependent Са1* uptake at both Ca 2 + concentrations 
tested. In contrast, 75 mM Na+ reduced the ATD-dependent Ca 2 + uptake, 
as expected, at 0.1 vM ionized Ca 2 + by 43% and at 1.0 yM ionized Ca 2 + 
by 32% measured in BLMV of 12 weeks old WKY. In BLMV of 20 weeks old 
WKY, 75 mM Na+ still reduced the ATP-dependent Ca 2 + uptake, at 0.1 vM 
ionized Cai+ by 25% and at 1.0 yM ionized Ca 2 + by 22% in BLMV of 20 
weeks old WKY. 
Analysis of variance were performed for every concentration group. 
There are no significant differences in the effects of 5 mM Na+ on the 
ATP-dependent Ca.2* uptake in membrane vesicles from SHR compared to the 
values from WKY (at 0.1 yM Ca 2 +: F=0.94, p>0.35, at 1.0 цМ Ca 2 +: F=0.1, 
p>0.78). There are also no significant differences in the effects of 
75 mM Na+ on the ATP-dependent Ca 2 + uptake in BLMV of SHR compared to 
WKY (at 0.1 uM Ca 2 +: F=0, p>0.99, at 1.0 μΜ Ca 2 +: F=0.1, p>0.86). 
The results suggest the presence of a Na +/Ca 2 + exchange system in 
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Table 5.3 Effects of sodium on ATP-dependent Ca 1 + uptake in 
basolateral membranes of kidney cortex from WKY and 
SHR at 12 and 20 weeks of age 
Age (weeks) 
Na+ 
(mM) 
5 
75 
Ca2 + 
(VM) 
0.1 
1.0 
0.1 
1.0 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
12 
121±6 
116±4 
110+3 
114+4 
57+4 
58±2 
68±3 
65±2 
20 
95±12 
86± 9 
96+3 
94±6 
75±5 
74+7 
78±6 
78±6 
0.94 0.35 
0.1 0.78 
0 0.99 
0.1 0.86 
Initial rates of ATP-dependent Ca 2 + uptake (expressed as 
percentage of control value) represent the mean of uptake rates 
obtained in 5 different membrane preparations. Values are mean + 
SEM. The control value at zero NaCl and 0.1 vM Ca 2 + resp. 1.0 μΜ 
Ca 2 + was taken as 100 % and did not significantly (p>0.1) differ 
between WKY and SHR at 12 weeks (2.0±0.2 nmol/min/mg protein vs 
2.210.4 resp. 3.9±0.3 vs 3.9±0.4) and 20 weeks of age (3.0+0.3 vs 
2.9І0.4 resp. 5.010.4 vs 4.810.4). Significant difference 
between SHR and WKY was determined by analysis of variance and 
expressed as F-value and associated probability (p). 
BLMV of kidneys from WKY and SHR. The capacity of this Na+/Ca2 + 
exchange system seems to be influenced by age, concluded from the 
significant decrease at 5 mM Na + (at 0.1 vM Ca 2 +: F=14, p<0.002, at 1.0 
μΜ Ca 2 +: F=18, p<0.0006) and the significant increase at 75 mM Na + (at 
0.1 vM Ca 2 +: F=5, p<0.03, at 1.0 μΜ Ca 2 +: F=4, p<0.05) of the ATP-
dependent Ca2* transport in 20 weeks old rats compared to the 12 weeks 
old animals. 
5.4 DISCUSSION 
The present study failed to show a significant change in ATP-
dependent Ca 2 + transport and Na +/Ca 2 + exchange activity of renal BLMV 
of SHR compared to the age-matched WKY measured at 12 and 20 weeks of 
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age, suggesting that the calcium homeostasis of the cortical cells is 
normal in SHR as far as the plasmamembrane is concerned. Furthermore, 
our results do not favour a defect in proximal active Ca 2 + transport 
and it is therefore unlikely that this transport mechanism is 
responsible for the observed hypercalciuria in adult SHR. 
ATP-dependent Ca 2 + transport and the Na +/Ca I + exchange system in 
renal BLMV of SHR were studied for several reasons. There is ample 
evidence, although mostly indirect, for a defect in calcium handling by 
renal tubules in hypertension (McCarron et al., 1980; McCarron et al., 
1981; Strazzulo et al., 1983). The mechanism by which calcium is 
reabsorbed in the proximal nephron has not been fully elucidated, but 
evidence suggest that beside a main passive transport also an active 
component, partly sodium dependent, is present (Suki, 1979). In the 
active component, either Ca2+-ATPase or Na +/Ca 2 + exchange must be 
involved. Recently Jayakumar et al. (1984) described a modulation of 
the activity of the Na +/Ca I + exchange in BLMV of rat kidney cortex by 
parathyroid hormone. Several reports demonstrated disturbances in 
cellular calcium regulation in various tissues in SHR (Webb & Bhalla, 
1976; Postnov & Orlov, 1980; Kwan & Daniel, 1981; Orlov et al., 1983; 
Bruschi et al., 1984; Losse et al., 1984; Bruschi et al., 1985). In 
erythrocytes of SHR, Ca 2 + pump activity is reduced in the presence of 
calmodulin (Orlov et al., 1983). Predictably, intracellular Ca 2 + 
levels are elevated (Losse et al., 1984). Similar defects of calcium 
handling have been identified in vascular tissue. In SHR, Ca2+-binding 
and ATP-dependent Ca 2 + accumulation by arterial plasmamembranes is 
reduced (Kwan & Daniel, 1981). Microsomal ATP-dependent Ca 2 + uptake is 
also reduced (Webb & Bhalla, 1976). Finally, in plasmamembranes and 
endoplasmic reticulum of adipose tissue a decrease in the rate of ATP-
dependent Ca 2 + transport is also demonstrated (Postnov & Orlov, 1980). 
Despite all these findings, we were unable to unmask a reduction in 
transport capacity of the ATP-dependent Ca 2 + ршлр or the iia*/Ca2 + 
exchange system in renal cortical cells of SHR. A remote possibility 
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is that during the membrane isolation procedure one of the systems has 
become inactivated or that an important cofactor has been lost. When 
endogenous calmodulin is lost during isolation procedures, this may 
lead to under estimation of Ca 2 + transport activity and may hide 
differences in Ca 2 + pump activity between WKY and SHR. For instance, in 
the absence of calmodulin, no difference in Ca 2 + transport in 
erythrocytes of WKY and SHR was noted (Orlov et al., 1983). But 
addition of calmodulin caused a smaller increase in the maximal 
activity of the Ca J + pump in erythrocytes vesicles of SHR (Orlov et 
al., 1983). The possibility that renal active Ca 2 + transport, is 
underestimated is remote in view of the affinities of Ca 2 + found for 
ATP-dependent Ca J + uptake in renal BLMV. With a calmodulin depleted 
Ca2+-ATPase preparation of rat kidney cortex Gmaj et al. (1979) 
reported а К value of 1.2 μΜ Ca 2 +. After repletion with calmodulin 
this value became 0.2 yM, close to 0.14 uM the value we found in 
freshly prepared BLMV of WKY. Moreover, addition of 0.5 μΜ bovine 
brain calmodulin had no effect on ATP-dependent Ca 2 + uptake of renal 
BLMV (van Heeswijk et al., 1984) and duodenal BLMV (Ghijsen et al., 
1962). These observations suggest that endogenous calmodulin is still 
present after isolation of the membranes, which is not surprising in 
view of the fact that osmotically shocked and EGTA-treated duodenal 
basolateral plasmamembranes still contain abundant calmodulin (de Jonge 
et al. , 1981). 
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6.1 INTRODUCTION 
From the preceeding chapters it is clear that phosphate, calcium and 
magnesium metabolism is disturbed in the spontaneously hypertensive rat 
(SHR). Also in the literature a large number of abnormalities in min-
eral metabolism in SHR are reported, although most observations are 
incomplete or in contradiction with each other. For instance, bone 
metabolism has only been studied in adult SHR at 26 weeks of age, long 
after abnormalities in mineral metabolism are fully expressed (Izawa et 
al., 1985). A tendency towards a more negative calcium balance in SHR 
has been reported recently by McCarron et al. (1985). Others report a 
more positive calcium balance in mature SHR possibly due to intestinal 
hyperabsorption (Lau et al., 1984). Furthermore, calcium and phosphate 
metabolism are in most studies evaluated from serum and urine analysis 
only. In all studies calcium metabolism has drawn the most attention, 
whereas phosphate and magnesium metabolism in SHR have only partly been 
characterized. 
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A model in which all disturbances in calcium, phosphate and 
magnesium metabolism can be explained has yet to be developed. A com­
prehensive picture of all parameters, including the hormones 
1,25-dihydroxycholecalciferol (1,25(0Н)2Вз), parathyroid hormone (PTH) 
and calcitonin, would be of significant importance in understanding the 
etiology of hypertension m S HR as well as in men. In this study we 
tried to incorporate all changes in calcium, phosphate and magnesium 
metabolism in young SHR into one model. Therefore we measured plasma 
levels of vitamin D3, PTH and calcitonin, studied intestinal phosphate 
and calcium absorption, and determined some parameters of bone metabo­
lism. 
6.2 MATERIALS AND METHODS 
6.2.1 Blood studies 
Blood samples were taken by heart puncture. Plasma samples of β 
weeks old SHR and Wistar-Kyoto rats (WKY) were analyzed for 
25-hydroxycholecalciferol (25(0Н)0з), 1,25(0Н)20з, immunoreactive PTH 
(iPTH), PTH(l-84), calcitonin and inorganic phosphate concentrations. 
6.2.2 Kidney, muscle, liver and femur studies 
From 5 WKY and 5 SHR of 6 weeks of age kidneys, muscles around the 
femoral bones, livers and femurs were removed Wet, dry and ash weight 
of all specimen were determined. In addition, femoral length was meas­
ured and femoral volume was determined from water displacement. 
Finally, calcium, phosphorus and magnesium content of the ashes was 
assayed. 
6.2.3 Intestinal studies 
These studies were performed with 6-7 weeks old SHR and WKY, fed ad 
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libitum. The animals were anaesthetized with natriumpentobarbital (45 
mg/100 g body weight, Narcovet®, Apharmo, Arnhem, NL) and either the 
first 12 cm distal to the pylorus (duodenum) or the 12 cm just proximal 
to the middle of the small intestine (jejunum) were rapidly removed and 
rinsed with ice-cold buffer. The intestine was cut into segments 
approximately 1 cm long, opened along the mesenteric attachtment and 
mounted mucosal side up on a nylon grid. The mounted tissue was placed 
between two half-chambers (area=0.5 cm 2), and bathed with buffer con­
taining (mM): 119 NaCl, 5 KCl, 22.5 NaHCOs, 1.2 NazSO*, 2.4 NaHzPO^, 
1.25 MgCl2, 1.0 СаСІг, 11 D-glucose, 1 mannitol, 10 HEPES/Tris, pH 7.4 
at 370C. The bathing solutions were continuously aerated with 95% Oj / 
5% CO2. 
*
sCa, [3ìP]phosphate or [3H]mannitol fluxes were measured by adding 
radioactive samples to either the serosal or mucosal side of six intes-
tinal segments from one rat. After the steady state was reached (30 or 
60 min for fluxes in duodenum respectively jejunum), 100 μΐ samples 
were taken from the "cold" site at 10 min intervals for 1 h. Samples 
were counted by means of conventional liquid scintillation techniques. 
Net intestinal calcium flux (J . ) was calculated as the difference 
net 
between mucosal-to-serosal flux (J ) and serosal-to-mucosal flux 
ms' 
(J ). The solutions bathing the mucosal and serosal sides were con­
nected via agar bridges to calomel electrodes to measure the transep­
ithelial potential difference (PD) and to Ag-AgCl electrodes for pass­
ing current pulses (20 yA) through the tissue in order to determine the 
conductance (G). The short-circuit current (I ) was calculated from PD 
and G. 
Alkaline phosphatase activity of small intestine in 24 h fasted SHR 
and WKY of 7 weeks of age was determined as described below. Small 
intestine was removed from anaesthetized rats and divided in 4 parts of 
equal length. Mucosal scrapings from these intestinal parts were homog­
enized at 0-4eC in 10 ml saline with a loose-fitting Dounce horaogenizer 
and assayed for alkaline phosphatase activity and protein content. 
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6.2.4 Analytical methods 
Bone and soft tissue samples were dried overnight at 100oC and ashed 
at 600oC for 24 h. The ash was dissolved in 2 N HCl, evaporated, redis-
solved in 2 N HCl and assayed for calcium, phosphorus and magnesium, as 
described in section 2.2.4. 
25(0H)D3 and 1,25(0Н)2Вз were determined as follows. After fortifi­
cation of 1 ml plasma with ±5000 dpm of tritiated 25(0Н)0з and 
1,25(0Н)20з, 1 ml of acetomtril was added to the plasma. After vor-
tex-mixing and centnfugation 0.6 ml of water was added to the superna­
tant. The supernatant was then applied to a Sep-Рак C-18 cartridge 
(Waters Associates Inc., Milford, MA, USA). The cartridge was washed 
with 5 ml of methanol/water (6/4 by volume). Subsequently 25(0Н)Вз and 
1,25(0Н)2Вз were eluted with 2.5 ml of ethanol. The ethanol was evapo­
rated under a flow of nitrogen and the residu dissolved in 210 μΐ of 
hexane/isopropanol (9/1 by volume) for further purification by HPLC. A 
Nucleosil IO-NO2 column (16x0.46 cm) was used with two solvents. Sol­
vent A. hexane/isopropanol/water (2800/1200/42 by volume); solvent B: 
n-hexane. The flow was 4 ml/min. A step gradient was used to separate 
25(0H)D3 and 1,25(0Н)2Пз (0-5 minutes 13% A; 5-10 minutes: 31% A). 
After collection of the 1,25(0Н)2Вз fraction the flow through the col­
umn was reversed and the column was flushed for 10 minutes with 100% A. 
The fractions containing 25(0Н)0з (2.0-2.6 minutes) and 1,25(0^203 
(9-10 minutes) were collected, evaporated with nitrogen, and redis-
solved in ethanol for assessment of analytical recovery and competitive 
protein binding assay as decnbed before (Jongen et al., 1981). 
Both iPTH, (i.e. PTH(l-84) plus PTH fragments), as well as PTH(l-84) 
were assayed as described by Hackeng et al. (1986). PTH(l-84) was 
immunoextracted with human PTH(l-34) (hPTH(l-34)) antibodies coupled to 
Reactigel. iPTH and eluted PTH(l-84) were determined in a system with 
antibodies against human PTH, specially against the mid-region frag-
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ment, 125I-bovine PTH as tracer and hPTH(l-84) as standard There is 
complete parallelism between dilutions of rat plasma, rat PTH(44-68) 
and hPTH(l-84), 1 hPTH(l-84) conforms to 1.3 rat PTH(44-68) 
Plasma calcitonin was determined using a commercially available 
radioimmunoassay kit (Iramuno Nuclear Corporation, Stillwater, MI) 
Alkaline phosphatase activity was measured at 37eC with p-nitrophe-
nylphosphate as substrate 50 yl of sample was added to 500 yl buffer 
containing· 5 mM natnum-p-nitrophenylphosphate, 0 45 mM MgCl2, 45 mM 
glycine/NaOH, pH 10.5 (final concentration) The reaction was stopped 
after 30 m m of incubation by addition of 10 ml 0 02 N NaOH The amount 
of released p-nitrophenol was determined spectrophotometrically by 
measuring the absorbance at 405 nm (Pye Unicum PU 8600, Cambridge, Eng­
land) The values were corrected for the appropriate blanks and 
expressed in mU/ml where units (U) of activity are umol/min, calculated 
with use of the absorptivity of p-nitrophenol, 18 5 mM~1-cm"1 Protein 
was determined according to Lowry et al (1951) with bovine serum albu­
min serving as standard. 
The results were evaluated statistically as described in section 
2 2.5 
6.3 RESULTS 
6.3.1 Blood studies 
A significant (p<0.001) hypophosphatemia is manifest in SHR at 6 
weeks of age, which is shown in Fig 6.1. Most striking is that calci­
tonin levels were doubled in SHR compared to WKY (p<0.001) From the 
two measured vitamin D3 metabolites only 1,25(0Н)20з was significantly 
(p<0 02) increased by 20% in SHR. Plasma iPTH, i.e. PTH(l-84) plus PTH 
fragments, tended to be increased in SHR (p<0.07), whereas plasma 
PTH(l-84) alone was not altered in SHR (p>0.9) at β weeks of age. 
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Figure 6.1 Plasma phosphate, calcitonin, 25(0Н)20з, 1,25(0Н)20з, 
iPTH and PTH(l-84) concentration in WKY and SHR at 8 
weeks of age. Values are mean ± SEM. Number of rats used is IS. 
25(0Н)0з, 25-hydroxycholecalciferol; 1,25(0Н)2Пз, 1,25-dihydroxy-
cholecalciferol; iPTH, immunoreactive parathyroid hormone; 
PTH(l-84), parathyroid hormone (1-84). Significant difference 
between SHR and WKY was determined by unpaired t-test: +, 
0 05<p<0.07; *, 0.01<p<0.05; **, 0.001<p<0.01; ***, p<0.001. 
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6.3.2 Studies on soft tissues and bone 
Several parameters of femurs were measured m 6 weeks old rats and 
the results are summarized in Table 6.1. Femurs of SHR were signifi-
cantly shorter than those of WKY In contrast, bone volume, dry weight 
and ash weight were all significantly increased in SHR, although no 
significant difference was observed in the mean ash weight per unit of 
bone volume nor in the ash as percentage of dry weight among the two 
rat strains. Presumably, SHR femurs exhibited a reduction in longitudi-
nal growth, whereas total bone mass and volume are increased at 6 weeks 
of age, resulting in a shorter but thicker bone. 
Calcium, phosphorus and magnesium content in kidney, liver, muscle 
and bone of WKY and SHR at 6 weeks of age were determined and the 
results shown in Table 6.2. No significant differences in total tissue 
mineral content between the two strains were observed However, cal-
cium content per femur (WKY. 617±11, SHR: 717±35iimol/bone, p<0.02) and 
phosphate content per femur (WKY: 447±8, SHR: 512±23 pmol/bone, 
p<0 02) were significantly higher in SHR at 6 weeks of age, presumably 
due to an increased bone mass. Magnesium content per femur was not 
altered significantly (WKY: 23±2, SHR: 33±8 vmol/bone, p>0.2) 
6.3.3 Phosphate and calcium transport in small intestine 
Electrical parameters of intestinal segments, measured in Ussing 
chambers, were not alike in SHR and WKY (Table 6.3). The jejunum of 
SHR developed higher transepithelial PD's than WKY (p<0.04). In duode-
num the PD was comparable in both rat strains (p>0.16). In duodenum 
and in jejunum, tissue conductance was significantly lower in SHR com-
pared to the WKY (p<0.03 resp. p<0.01). Consequently, I was signifi-
cantly reduced in SHR in the two intestinal segments (p<0.007 resp. 
p<0.03). This may be indicative for a reduced ionic transport activity 
in SHR's small intestine. 
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Table 6.1 Characteristics of femoral bone in WKY and SHR at 6 
weeks of age 
Body weight (g) 
Length (mm) 
Volume (cm3) 
Dry weight (mg) 
Total ash (rag) 
Ash weight/volume 
(mg/cm3) 
Ash/dry weight (%) 
WKY 
12111 
21.50i0.05 
0.165±0.004 
107±2 
66±1 
403±3 
62+1 
SHR 
129±6 
20.54±0.35 
0.196±0.007 
127±6* 
79±4* 
404±11 
62±1 
Ρ 
0.27 
0.02 
0.004 
0.004 
0.01 
0.96 
0.93 
Values are mean ± SEM. Number of rats used is 5 for each group. 
p, significant difference between SHR and age-matched WKY deter­
mined by unpaired t-test (*, p<0.05). 
Table 6.2 Phosphate, calcium and magnesium content of femur, 
muscle, kidney and liver in WKY and SHR at 6 weeks of 
age 
Pi 
Ca 
Mg 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
Femur 
4.08±0.06 
4.05±0.03 
5.63±0.07 
5.63+0.04 
0.26±0.01 
0.4010.09 
Muscle 
0.33910.007 
0.330+0.001 
7.610.4 
7.910.9 
49.911.3 
48.410.3 
Kidney 
0.43410.006 
0.429+0.005 
8.810.4 
8.510.3 
34.1+0.7 
33.711.1 
Liver 
0.4010.01 
0.4010.01 
3.0+0.2 
3.7+0.4 
35.6+1.6 
35.511.4 
Values are mean 1 SEM and expressed in mmol/g dry weight. Number 
of rats used is 5 for each group Pi, inorganic phosphate. No 
statistical difference between SHR and age-matched WKY for any 
group was observed as determined by unpaired t-test (p>0.2). 
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Table 6.3 Electrical parameters of small intestine in WKY and 
SHR at 6-7 weeks of age 
PD 
(mV) 
G 
(mS/cm2 
Isc 
(vA/cmJ 
:) 
:) 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
duodenum 
2.7±0.3 
2.3±0.1 
11 ± 1 
7 ± 1* 
34 ± 5 
17 ± 1* 
jejunum 
2.0±0.2 
3.5±0.7* 
64 ±18 
14 ± 4* 
113 ± 24 
53 ± 12* 
Values are mean ± SEM. Number of experiments is 6 for each group 
PD, potential difference (lumen negative), G, conductance, Isc, 
short-circuit current. Significant difference between SHR and 
WKY was determined by unpaired t-test: *, p<0 05. 
Calcium, phosphate and mannitol fluxes measured in small intestinal 
segments from WKY and SHR are shown in Table 6.4. The net flux for 
phosphate was significantly (p<0 003) reduced in SHR compared to the 
WKY. Phosphate J in SHR was negative which is consistent with net 
phosphate secretion. There was a significant (p<0.002) reduction in the 
unidirectional flux J while no difference in the opposite flux J 
ms r r sm 
was observed (p>0.7). 
In the absence of a net chemical driving force between the bathing 
media, mannitol fluxes were determined with phosphate and calcium 
fluxes and net mannitol secretion was observed. According to Ne Hans & 
Kimberg (1979) who used mannitol as a marker for the paracellular flux, 
net mannitol secretion is the result of recycling of water flow across 
the tight junctions. This phenomenon is a typical Ussing chamber 
artifact. The paracellular flux of mannitol, but also of phosphate and 
calcium, is likely to be coupled to this water recycling and leads to 
serious underestimation of net phosphate and calcium transport. Thus, 
when corrections are made for phosphate using the asymmetry in mannitol 
fluxes then the apparent net secretion of phosphate in SHR is abolished 
and phosphate absorption in WKY is increased with a similar magnitude. 
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Table 6.A Intestinal calcium and phosphate fluxes in WKY and SHR 
at 6-7 weeks of age 
(nmol/h/cm ) 
net 
Duodenum 
Ca2 + 
Mannitol 
Jejunum 
Pi 
Mannitol 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
(Π) 
(11) 
(10) 
(10) 
(13) 
(11) 
(5) 
(5) 
132±12 
109±12 
9±1 
9±1 
102±7 
82±3* 
29±1 
25±3 
39±3 
26+3* 
39±2 
27±3* 
92±6 
95±6 
48±9 
46±4 
93±12 
82±11 
-30±2 
-18±3* 
11±5 
-13±5* 
-20±9 
-21±6 
Values are mean ± SEM Number of experiments between parenthe­
sis. Jms, mucosal-to-serosal flux; Jsm, serosal-to-mucosal flux; 
Jnet, net intestinal flux, Pi, phosphate. Significant difference 
between SHR and WKY was determined by unpaired t-test. *, p<0.05. 
Since, there were no significant (p>0.90) differences m jejunal 
mannitol net flux between both strains, it is unlikely that differences 
in water recycling behaviour were responsible for the difference in 
phosphate flux between SHR and WKY. 
Both measured duodenal J fluxes, i.e. calcium and mannitol, 
sm ' ' 
matched completely. Hence, the observed difference in calcium J 
r
 sm 
between SHR and WKY (p<0.007) reflects a decreased paracellular secre­
tion in SHR presumable due to the decreased tissue conductance (Table 
6.3) However, mannitol J was similar (p>0.58) in SHR and WKY, thus 
ms
 r
 ' 
it is also unlikely that differences in duodenal water recycling behav­
iour interfered with the estimated calcium fluxes. Based on these 
results, we have to conclude that duodenal calcium net fluxes between 
both rat strains were not significantly different (p>0.51). 
In both rat strains, alkaline phosphatase activity decreased sharply 
going from duodenum to ileum. Alkaline phosphatase activity of small 
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Figure 6.2 Alkaline phosphatase activity of small intestine from 
WKY and SHR at 7 weeks of age. Values are mean ± SEM. 
Number of experiments is 7. I, duodenum; II and III, jejunum; 
IV, ileum. Significant difference between SHR and WKY was deter­
mined by multivariate analysis and expressed as F-value and asso­
ciated probability (p). In case of an overall significant effect 
individual groups were compared as well: *, p<0.05. 
intestine from SHR was significantly (F=6, p<0.01) reduced compared to 
WKY. This is yet another demonstration, although indirect, of an intes­
tinal dysfunction in hypertension. 
6.4 DISCUSSION 
This study provides additional evidence for a disturbance in phos­
phate, calcium and magnesium metabolism in SHR. We demonstrated a large 
increase in the level of calcitonin and a smaller increase in 
1
>
25(0Н)2Вз concentrations in young SHR. In addition, alterations in 
bone metabolism were found. Besides the earlier reported transport 
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abnormalities in renal epithelia, this study also provides evidence for 
alterations in intestinal transport However, their precise role in 
hypertension, if any, has yet to be defined. 
To our knowledge it is for the first time that increased plasma cal-
citonin levels are observed in relation to hypertension. Since calci-
tonin is a strong hypophosphateroic agent (Talmage & Anderson, 1972), 
elevated calcitonin levels could be responsible for the long-standing 
hypophosphatemia in SHR (Fig. 2.3) Interestingly, bone metabolism is 
clearly abnormal in young SHR, since longitudinal growth was impaired, 
whereas bone volume and mass were increased. Consequently, calcium and 
phosphate content per bone were increased slightly. It is attractive 
to postulate that these bone disorders in young SHR are related to 
increased calcitonin levels, since calcitonin inhibits bone resorption 
(Deftos, 1982). This should result in a decrease in plasma phosphate 
and calcium concentrations In two studies with older mature SHR bone 
disorders were also reported In one study, bone mineral content 
tended to be increased as well (Lau et al., 1984). Recently, Izawa et 
al. (1985) have shown in mature SHR a reduction in longitudinal bone 
growth, as we did in young SHR In addition, they reported a signifi-
cant reduction in ash weight per unit of bone volume and in ash per-
centage of dry weight in femurs of SHR This contrasts with our results 
but in old mature rats other secondary mechanisms may become manifest 
which could overrule the action of calcitonin, as for example an 
increase in PTH levels. 
Our results document transport abnormalities across the intestinal 
epithelium in SHR at 6-7 weeks of age. Mainly, jejunal absorption is 
effected A reduction in net phosphate flux was observed in SHR. This 
difference in J between SHR and WKY is entirely accounted for by a 
decrease in J m SHR, and presumably represents a difference in sec-
ondary active phosphate transport (Favus, 1985). However, the abnormal-
ities in intestinal function are not limited to phosphate absorption, 
since the decrease in I suggests an alteration in jejunal monovalent 
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ion transport (Favus, 1985) as well. In an earlier study, phosphate 
absorption was assessed 'in vivo' by determining faecal phosphate 
excretion between 6 and 18 weeks of age in SHR (Fig. 2.6) and no real 
disturbance in phosphate absorption could be demonstrated. Although at 
9 and 18 weeks of age, a slight but highly significant increase in fae-
cal phosphate excretion was observed in SHR. The present study is 
based upon measuring unidirectional phosphate fluxes and was limited 
to the jejunum and to one age group, whereas in balance studies total 
phosphate absorption along the entire intestinal tract is assessed. In 
young rats, phosphate balance tended to be more positive compared to 
the age-matched WKY (Fig. 2.6), in spite of a possible reduced net 
phosphate absorption in jejunum. Therefore, a hypophosphatemia in SHR 
can not be explained by a less positive phosphate balance. 
We found a sharp decrease in alkaline phosphatase activity along the 
entire small intestine of SHR. According to Lee et al. (1981) this 
points to a decrease in phosphate absorption. In chapter 4 a remarka-
ble parallelism between Na+-dependent phosphate transport in renal 
brush borders and alkaline phosphatase activity in renal homogenates 
and brush border membranes was observed Therefore, these studies sug-
gest a direct relationship between alkaline phosphatase activity and 
phosphate absorption in both kidney and intestine However, although 
it is attractive, there is no evidence for an alkaline phosphatase-
1inked transport system for phosphate (Valinietse et al., 1985). It is 
likely that the enzyme provides inorganic phosphate for the phosphate 
carrier through hydrolysis of organic phosphates. 
Decreased calcium absorption was recently described, based on perfu-
sion studies across small intestinal segments of the anaesthetized SHR 
(Schedi et al., 1984), experiments using isolated everted duodenal sacs 
(Schedi et al., 1984) and unidirectional calcium flux studies in duode-
num-jejunum of SHR in Ussing chambers (McCarron et al., 1985). Extrapo-
lated to the entire intestine, these results would predict calcium mal-
absorption in SHR. Conversely, virtually opposite results have been 
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reported based on essentially the same techniques (Toraason & Wright, 
1981), on 'in vitro' duodenal calcium uptake studies (Lau et al., 1984) 
or on experiments measuring faecal excretion (Lau et al., 1986). Sev­
eral reports failing to disclose any difference in calcium absorption 
between SHR and WKY can be added to these conflicting results. Stern et 
al. (1984) measuring 'in vitro' uptake of calcium by duodenal, jejunal, 
ileal and colonic segments, were unable to find significant differences 
between SHR and WKY at 10 weeks of age. Our experiments suggested that 
unidirectional calcium fluxes across duodenum were basicly unaltered. 
This is supported by our extensive balance studies (chapter 2). Metho­
dological differences can account for some of the conflicting observa­
tions. We determined in Ussing chambers steady state calcium fluxes, 
whereas McCarron et al. (1985) starts to measure fluxes immediately 
after addition of the radioisotope. Therefore it is likely that their 
fluxes are underestimated. A potential effect of age can not be elimi­
nated, since Toraason & Wright (1981) observed no difference in duode­
nal calcium uptake between SHR and WKY in rats younger than 12 weeks of 
age. Active calcium absorption is heterogenously distributed in the 
gut with areas of high absorption rates in duodenum and cecum, followed 
by distal regions that secrete calcium normally. This system precludes 
anyone region from being solely responsible for calcium absorption. 
Moreover, sufficient calcium absorption will continue even when one 
region is lost to disease (Favus, 1985). It is rather frustrating that 
no obvious explanation for the conflicting results with respect to 
intestinal calcium transport in SHR can be found. 
1,25(0Н)2І>з levels in SHR were slightly increased in face of normal 
25(0Н)Вз levels. Other studies in SHR failed to detect significant 
higher levels of 1,25(0Н)20з in SHR (Schedi et al., 1984; Stern et al., 
1984). However, an increase in 1,25(0Н)2Пз is an appropriate response 
to decreased plasma phosphate (Kumar, 1984) which occurs in SHR. Based 
on faecal excretion studies (Fig. 2.6) and unidirectional calcium 
fluxes (Table 6.4), we conclude that 1,25(0Н)20з did not stimulate cal-
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cium and phosphate absorption in the gut There is evidence for 
decreased sensitivity to 1,25(ОН)20з in SHR as concluded by Toraason & 
Wright (1981) In their study, injections of 1,25(0Н)2Пз failed to 
increase duodenal calcium transport in SHR, while WKY responded nor­
mally However, our findings do not support the hypothesis that regu­
lation of vitamin D3 metabolism in SHR is disturbed (Schedi et al , 
1984) 
In young SHR, iPTH levels tended to be increased whereas PTH(l-84) 
levels were unaltered compared to the age-matched WKY This indicates 
that the level of biologically active hormone is not altered, but an 
accummulation of PTH fragments, physiologically of minor importance, 
occurs in SHR. In contrast with our findings, Stern et al (1984) 
reported slightly increased carboxyl-terminal PTH levels in young SHR 
In their study, only three out of the ten rats measured had higher PTH 
levels at 6 weeks of age At 10 weeks of age, the proportion of SHR 
with high PTH levels increased However, these results should be inter­
preted with caution, since only an accumulation of carboxyl-terminal 
hormone fragments was measured and this can be secondary to impaired 
renal function in SHR In an other study, McCarron et al (1981) indi­
cated an increase m bioactive PTH hormone as PTH values were elevated 
by both amino- and carboxyl-terminal specific assays However, they 
only measured PTH levels in mature SHR between 18-29 weeks of age. 
Therefore, our findings are not neccesarily in conflict with these 
reports Presumably, bioactive PTH levels are not altered in young SHR, 
but may increase upon aging m SHR secondary to other disturbances in 
calcium and phosphate metabolism. 
Since total phosphorus content of muscle, kidney and liver did not 
differ significantly between SHR and WKY, it is unlikely that a shift 
in intracellular phosphate is responsible for hypophosphatemia m SHR. 
A role of respiratory alkalosis which should be accompanied with 
reduced serum ionized Ca 2 + and hypophosphatemia (Lau & Eby, 1985, Lau 
et al., 1986) is therefore also unlikely. Direct measurement of 
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Figure 6 3 Proposed mechanism for calcitonin action in young 
SHR 
arterial pH in SHR would be appropriate to refute this possibility but 
reliable measurements are very hard to do with consious rats. 
The possible effects of increased calcitonin levels in young SHR are 
brought together in one scheme (Fig. 6.3). Most likely, increased lev­
els of calcitonin decrease bone resorption, which results in calcium 
and phoshate retention in bone and as a concequence a decrease in 
plasma phosphate and calcium levels. Tentatively, these reductions 
stimulate the calciotropic hormones 1,25(0Н)2Вз and in older SHR also 
PTH In the steady state, plasma ionized Ca2* levels are almost but 
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not completely normalized In contrast, plasma phosphate levels are not 
normalized 
In conclusion, our study suggests a primary role of calcitonin in 
the disturbance of phosphate, calcium and magnesium metabolism in SHR 
Further studies are needed to delineate a possible role of calcitonin 
in the pathogenesis of hypertension It is attractive to postulate 
that increased calcitonin levels is a sort of defence mechanism against 
hypertension since calcitonin is known to have potent natriuretic 
action (Bijvoet et al , 1971, Ardaillou, 1975) 
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7.1 INTRODUCTION 
Several studies in spontaneously hypertensive rats (SHR) revealed 
disturbances in phosphate metabolism including hypophosphatemia 
(Blooroquist et al., 1983; Hsu et al., 1984; Bindeis et al., 1986b) and 
hypophosphaturia (Hsu et al., 1984; Bindeis et al., 1984). Detailed 
studies on phosphate excretion in SHR revealed: lower phosphate clear-
ance (Hsu et al., 1984), increased tubular phosphate reabsorption (Hsu 
et al., 1984) and increase of Na+-dependent phosphate transport in 
renal cortical brush border membrane vesicles (Bindels et al., 1986b). 
In addition, both epidemiological and clinical data suggest that 
phosphate metabolism is altered in human hypertension as well. Plasma 
phosphate has been shown to be lower in patients with essential hyper-
tension (McCarron, 1982). In hyperparathyroidism associated with 
hypertension, serum phosphate was significantly lower than in hyperpar-
athyroidism in normotensive subjects (Daniels et al., 1983). An associ-
ation between lower intakes of phosphorus and a greater risk of being 
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hypertensive has been observed (McCarron, 1985). Moreover, in 
normotensive subjects plasma phosphate levels were inversely related 
with blood pressure (Ljundhall & Hedstrand, 1977) which suggests that 
decrease in plasma phosphate could be associated with an increase in 
blood pressure. In contrast, Lau et al. (1984) recently suggested that 
phosphate deficiency mediates the antihypertensive effect of a high 
calcium diet in SHR. Their findings associate phosphate deficiency with 
a tendency towards hypotension instead of hypertension. 
As a concequence it is unknown whether disturbances in phosphate 
metabolism play a role in the initiation and maintenance of hyperten­
sion. Therefore, we studied the effects of long-term normalization of 
plasma phosphate, realized by a high dietary phosphate intake, on blood 
pressure and phosphate metabolism in SHR using the normotensive Wistar-
Kyoto rat (WKY) as a control. 
7.2 MATERIALS AND METHODS 
7.2.1 Blood pressure studies 
At 5 weeks of age, fifteen SHR and fifteen WKY were individually 
housed and divided into three diet groups: a control group, a group 
recieving 1.41% w/v KCl in the drinking water (KCl-group) and a group 
recieving 2% w/v K2HPO4-KH2PO4 in the drinking water (KPi-group). All 
animals were provided food and drinking water ad libitum. Since phos­
phate in the drinking water is given in the form of КгНРО^-КНзРО^, a 
control KCl-group is necessary to exclude interference of the high 
potassium intake on the blood pressure. 
Systolic blood pressure was measured weekly, after an initial period 
of training. Systolic blood pressure was determined indirectly from 
the tail artery of prewarmed conscious rats (37° С for 15 minutes) 
using a tail cuff and a pneumatic pulse transducer connected to a 
recorder. Each measurement represented the mean of 6 separate readings 
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obtained on two successive days. 
Body weight and the intake of food and water were determined weekly 
for every rat. Twenty-four-hour urine and faeces collections were 
obtained at 6, 9 and 12 weeks of age. Balance was determined by sub-
tracting the urinary and faecal excretion from the total intake and was 
expressed in mmol/24 h. Plasma samples were collected at 4, 10, 15 and 
20 weeks of age, by orbit puncture, using heparimzed blood collecting 
tubes 
The analytical methods and statistical analysis are described in 
section 2 2 
7 3 RESULTS 
7.3 1 Body weights 
WKY and SHR of the three diet groups were individually housed from 4 
weeks of age up to 26 weeks From each individual rat body weight was 
measured from 6 weeks onward and the mean values are shown in Fig 7.1 
Among the WKY groups there was no significant difference in body weight 
during the whole study In the KPi-SHR group body weight was signifi-
cantly higher after the 21th week 
In Table 7.1, the mean daily food and water consumptions for the 
diet groups are given. No difference in daily food consumption could be 
detected. The KCl-group drank more water than the control-group in 
both rat strains, suggesting that KCl in the drinking water increases 
thirst sensation in rats The KPi-diet increased significantly the 
water intake in SHR but not in WKY. This is an interesting observation 
in view of the hypophosphatemia in SHR. 
7.3 2 Balance studies 
The phosphate, potassium and calcium balance was compared between 
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Figure 7.1 Mean body weights of the rats as a function of age 
and diet. WKY (upper panel), SHR (lower panel). Sig-
nificant difference between KPi and control group resp. between 
KPi and KCl group was determined by unpaired t-test: *, p<0.05. 
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Table 7.1 Mean daily food and water consumption as a function of 
age and diet in WKY and SHR 
Age (weeks) 
Food WKY 
(g/24 h) 
SHR 
Water WKY 
(ml/24 h) 
SHR 
con 
KCl 
KPi 
con 
KCl 
KPi 
con 
KCl 
KPi 
con 
KCl 
KPi 
6 
12.9+0.4 
13.6+0.4 
13.4±0.4 
11.9±0.7 
13.1±0.9 
13.9+0.6 
21.0±1.1 
30.1±1.1* 
21.610.7 
19.912.1 
36.9±3.5" 
22.3±1.6 
9 
14.3±0.7 
13.6±0.3 
13.8±0.5 
14.2±0.4 
16.2+1.0 
17.0±1.5 
25.911.9 
34.3±2.3* 
26.4+1.9 
23.2±1.2 
33.7±1.5* 
30.9±3.5* 
12 
13.8±0.6 
12.810.7 
13.210.6 
14.010.5 
14.7+0.3 
15.6+0.7 
25.011.6 
30.2+1.9* 
23.811.1 
19.910.8 
30.411.8* 
27.012.0* 
F ρ 
-
3.7 0.12 
3.3 0.17 
-
1.1 0.44 
1.7 0.26 
-
10 0.009 
0.3 0.81 
-
20 0.003 
12 0.006 
Values are mean 1 SEM. Number of rats used in each group is 5. 
Con, control. The statistical significance between control and 
KCl-group resp. KPi-group was determined by multivariate analysis 
and expressed as F-value and associated probability (p). In case 
of an overall significant effect individual groups were compared 
as well: *, p<0.05. 
several diet groups, as shown in Table 7.2. Phosphate balance of the 
control and KCl-group were equal for both rat strains. Only the KPi-WKY 
and KPi-SHR absorbed more phosphate. It is concluded that rats adapt 
well to high phosphate intake, since at 12 weeks phosphate balance was 
no longer different from the control (WKY: p>0.37, SHR: p>0.66). There 
was no difference in phosphate balance between the WKY and SHR placed 
on a KPi-diet (F=0.07, p>0.97). Potassium balance increased signifi­
cantly in rats on a KCl or KPi-diet, compared to the control. Moreover, 
the KCl and KPi-groups absorbed equal amounts of potassium (WKY: F=2.9, 
p>0.12; SHR: F=2.2, P>0.21), proving that the KCl-group is a good con-
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Table 7.2 Phosphate, potassium and calcium balance as a function 
of age and diet in WKY and SHR 
Age (weeks 
Pi WKY 
(mmol/ 
24h) 
SHR 
K* WKY 
(mmol/ 
24h) 
SHR 
Ca 2 + WKY 
(mmol/ 
24h) 
SHR 
) 
con 
KCl 
KP i 
con 
KCl 
KPi 
con 
KCl 
KPi 
con 
KCl 
KPi 
con 
KCl 
KPi 
con 
KCl 
KPi 
6 
2.26±0. 
2.55±0. 
3.31±0. 
2.17±0. 
2.38±0. 
3.42±0. 
1.39+0. 
6.45±0. 
5.0510. 
1.21±0. 
7.21±0. 
5.22±0. 
1.96±0. 
2.37±0. 
2.37±0, 
2.02±0. 
2.29±0. 
2.4110 
,11 
-V 
08 
* 
19 
18 
21 
18 
.04 
.21* 
.19* 
.07 
.61* 
* 
.32 
,23 
.09* 
.14 
.19 
.21 
.15 
9 
2.8110.13 
2.4710.10* 
3.5810.22* 
2.8010.21 
2.6410.27 
3.6510.31* 
1.6610.08 
8.0310.31* 
6.8810.37* 
1.6410.08 
9.15+0.90* 
7.0310.56* 
2.49+0.17 
2.23+0.10 
2.58+0.19 
2.5410.23 
2.4910.30 
2.3710.29 
12 
2.2410.17 
2.0310.06 
1.96+0.25 
1.98+0.12 
2.57+0.27 
2.1410.35 
0.7410.05 
5.98+0.25* 
5.0110.37* 
0.7510.13 
6.1510.28* 
5.61+0.50* 
2.11+0.17 
1.8910.08 
2.1810.13 
1.98+0.10 
2.6310.28 
2.6010.38 
F 
-
4.5 
8.9 
-
1.7 
8.3 
_ 
254 0 
125 0 
-
144 0 
52 0 
. 
6.3 
1.9 
-
2.0 
1.6 
Ρ 
-
0.06 
0.01 
-
0.28 
0.01 
_ 
.0001 
.0001 
-
.0001 
.0001 
. 
0.03 
0.23 
-
0.23 
0.29 
Values are mean 1 SEM. Number of rats used in each group is 5. 
Con, control. The statistical significance between control and 
KCl-group resp. KPi-group was determined by multivariate analysis 
and expressed as F-value and associated probability (p). In case 
of an overall significant effect individual groups were compared 
as well: *, p<0.05. 
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Figure 7.2 Plasma phosphate in the three groups as a function of 
age and diet WKY (·) , SHR (o) The values at 4 
weeks of age served as control within every group, since the KCl 
and KPi-diets are initiated at 5 weeks of age. The statistical 
significance between SHR and WKY was determined by multivariate 
analysis In case of an overall significant effect individual SHR 
and age-matched WKY were compared as well ·'·, p<0.05. 
trol for the concomitant high potassium intake in the KPi-group. 
Calcium balance was not influenced by KPi-diet in WKY nor SHR. 
7.3.3 Plasma electrolytes 
Effects of KCl and KPi diets on plasma phosphate in WKY and SHR are 
shown in Fig. 7.2. At 4 weeks of age, when all rats are still on the 
control diet, there was no difference m plasma phosphate among the 
WKY groups (F=0.2, p<0.7) nor among the SHR groups (F=0.1, p>0.8). 
Already at this age, hypophosphatemia was present in all SHR groups 
(F=62, p<0.0001). In the control- as well as the KCl-group hypophosp­
hatemia persisted during the whole study (F=16, p<0.02 resp. F=36, 
p<0.03). The KCl-diet did not effect plasma phosphate in WKY nor in 
SHR (F=0.4, p>0.7 resp F=1.6, p>0.3). The KPi-diet normalized plasma 
phosphate in SHR, whereas plasma phosphate in WKY was not influenced. 
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Table 7.3 PI asma s 
function 
Age (weeks) 
Na + 
(mM) 
K + 
(mM) 
Ca 2 + 
(mM) 
Mg i + 
(mM) 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
WKY 
SHR 
con 
KCl 
KP i 
con 
KCl 
КРІ 
con 
KCl 
KP i 
con 
KCl 
KP i 
con 
KCl 
KP i 
con 
KCl 
KP i 
con 
KCl 
KP i 
con 
KCl 
KPi 
odium, potassium, calcium and magnesium 
of age and diet in WKY and 
4 
152.1±1.4 
153.8±2.0 
154.1±3.7 
156.4±2.2 
152.4±2.8 
156.1±3.2 
4.68±0.18 
4.21±0.27 
4.68±0.13 
4.46±0.21 
4.36±0.12 
4.71±0.14 
2.5810.05 
2.69±0.03 
2.7110.04 
2.60±0.05 
2.63±0.04 
2.6910.07 
0.7910.02 
0.8210.02 
0.8710.05 
0.7910.06 
0.8110.06 
0.8210.05 
10 
146.810.8 
145.610.5 
146.1+0.7 
148.310.7 
146.910.8 
146.710.8 
4.11+0.16 
4.26+0.16 
4.2310.23 
3.55+0.08 
3.75+0.12 
3.6210.08 
2.9010.02 
2.8610.03 
2.8310.04 
2.88+0.04 
2.7910.08 
2.8010.07 
0.92+0.02 
0.8010.02 
0.77+0.03 
0.86+0.03 
0.79+0.04 
0.7810.02 
SHR 
15 
143.212.2 
142.0+0.9 
142.510.6 
141.7+2.5 
140.911.0 
140.6+2.2 
3.7610.09 
4.27+0.14 
4.29+0.21 
3.4910.20 
4.29+0.05 
3.99+0.26 
2.5610.03 
2.49+0.02 
2.4410.05 
2.53+0.05 
2.47+0.03 
2.36+0.03 
0.75+0.03 
0.7210.01 
0.89+0.02 
0.7510.02 
0.73+0.02 
0.83+0.02 
in the three 
20 
146.3+0.6 
146.1+0.7 
146.8+0.4 
147.2+0.6 
146.0+0.4 
146.8+0.4 
4.12+0.21 
4.3110.10 
4.0410.19 
4.13+0.25 
4.0110.16 
4.3110.10 
2.44+0.02 
2.4810.02 
2.42+0.02 
2.43+0.03 
2.47+0.03 
2.42+0.08 
0.7810.03 
0.7410.02 
0.7610.02 
0.8110.03 
0.7410.02 
0.76+0.04 
groups 
F 
_ 
0.8 
0.9 
-
1.2 
1.6 
. 
4.2 
3.0 
-
3.7 
0.4 
_ 
1.9 
1.0 
-
2.2 
4.3 
_ 
4.5 
0.9 
-
2.1 
3.3 
as a 
Ρ 
0.54 
0.55 
-
0.39 
0.31 
-
0.08 
0.14 
-
0.10 
0.77 
_ 
0.24 
0.46 
-
0.19 
0.10 
-
0.09 
0.54 
-
0.22 
0.18 
Values are mean 1 SEM. Number of rats used in each group is 5. Con, control. The 
statistical significance between control and KCl-group resp. KPi-group was 
determined by multivariate analysis and expressed as F-value and associated 
probability (p). The plasma electrolyte values at 4 weeks of age were excluded from 
the statistical tests since the KCl and KPi-diet were initiated at 5 weeks of age. 
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Figure 7.3 Systolic blood pressure of WKY (upper panel) and SHR 
(lower panel) as a function of age and diet. Signifi­
cant difference between KPi and control group resp.between KPi 
and KCl group was determined by unpaired t-test: *, p<0.05. 
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As a consequence no difference in plasma phosphate between VKY and SHR 
was present in the KPi-group for that time on (F=1.2, p>0.4) Plasma 
phosphate declined steadily with age in all groups. 
Plasma sodium, potassium, calcium and magnesium in WKY and SHR are 
given in Table 7 3 and it is shown that the diets had no effects on 
plasma electrolytes in both strains 
7 3 4 Blood pressure 
At 9 weeks of age, mean systolic blood pressure was already higher 
in SHR than in WKY (Fig 7 3), regardless the diet-group In KPi-SHR a 
significant decline in systolic blood pressure was noticed from 20 
weeks of age and averaged 25 mmHg In addition, in KPi-WKY a slight but 
significant decrease was observed from 24 weeks of age on The KCl-diet 
had no influence on systolic blood pressure in WKY and SHR when com-
pared with the control-diet 
7 4 DISCUSSION 
The results of the present study confirm that phosphate metabolism 
in SHR is disturbed Normalizing the main defect, hypophosphatemia, by 
a high dietary phosphate intake, resulted m a decrease in blood pres-
sure in SHR However, the hypotensive effect of a high phosphate intake 
was not apparent until 15 weeks after initiation of the diet or 10 
weeks after normalization of plasma phosphate, suggesting that hypo-
phosphatemia and hypertension in SHR are not related in a simple causal 
way 
In most reports on modification of dietary intake and effects on 
blood pressure, the development and maintenance of hypertension in SHR 
could be decelerated but not arrested For instance, correcting ionized 
calcium levels in SHR by a high calcium intake beginning at 12 weeks of 
age elicited a hypotensive effect of approximately 30 mmHg, 24 weeks 
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after the start of the high calcium diet (McCarron et al., 1981). In a 
subsequent study by the same group, the calcium diet was administrated 
as early as 4 weeks of age and the blood pressure reduction was 
observed from 20 weeks of age onward (McCarron et al., 1982). Eleva-
tion of dietary magnesium effected the course of hypertension in SHR by 
maximally 30 mmHg, but did not prevent development of hypertension 
(Berthelot & Esposito, 1983). The intake of a tenfold higher amount of 
potassium than normal, caused in SHR a fall in systolic blood pressure 
of 34 mmHg (Zidek et al., 1983). The order of magnitude by which these 
diets effected blood pressure is comparable to the results of our 
study, where blood pressure was reduced by 25 mmHg. The difference is 
that hypotensive effects of high magnesium or potassium intake are 
expressed within weeks, whereas effects of high phosphate or calcium 
intake become manifest after months. All these studies which were aimed 
to compensate for defects, provide evidence for a multifactorial 
etiology in the development and maintenance of hypertension in SHR. 
The KPi-diet increased plasma phosphate in SHR, suggesting a correc-
table hypophosphatemia. Phosphate malabsorption by the intestine can 
induce hypophosphatemia and the normalizing effect of a high phosphate 
intake could overcome malabsorption. However, we showed that in spite 
of a possible reduced net phosphate reabsorption in jejunum (Table 
6.4), phosphate balance tended to be more positive in SHR compared to 
WKY (Fig. 2.6). In addition, defective intestinal malabsorption in SHR 
is at least controversial, since calcium absorption in the duodenum of 
aging SHR was either higher (Toraason & Wright, 1981; Lau et al., 
1984b), unaltered (Stern et al, 1984; chapter 2 & 6) or lower (Schedi 
et al., 1984; McCarron et al., 1985). However, it is difficult to 
relate these findings to intestinal phosphate absorption, since the 
jejunum and not the duodenum is the main site for phosphate absorption 
in the intestine (Walling, 1977). 
A physiologically interesting observation was that in SHR addition 
of phosphate to the drinking water induced a higher water intake than 
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in the control, as if these phosphate depleted rats want to compensate 
unconsiously for their hypophosphatemia 
The KCl-diet served as a control for the concomitant high potassium 
intake in the KPi-group The KCl-diet did not effect the blood pressure 
nor the plasma electrolytes which excluded an effect of high potas-
sium intake on blood pressure This finding contrasts with the obser-
vation that a high potassium intake in human and animal hypertension 
lowers blood pressure (Tannen, 1983) In studies where a high potas-
sium intake lowers blood pressure, plasma potassium concentration 
always increased, although modestly For instance, increasing plasma 
potassium by 0 4 mM, decreased blood pressure by 16 mmHg in SHR (Work-
man & Palier, 1985) In another study, a tenfold increase in dietary 
potassium was used to lower blood pressure in hypertensive rats (Zidek 
et al , 1983) In our study potassium intake increased four-fold and 
did not result in an increase in plasma potassium, which may explain 
the lack of an effect on blood pressure of the high potassium intake in 
our study 
Various mechanisms could be responsible for the hypotensive 
action of a high phosphate diet Phosphate is a prerequisite for 
energy requiring processes in every cell and could therefore influence 
vascular contractility It has been shown that chronic phosphate deple-
tion decreased the phosphate and ATP content of mesenteric vessels 
(Saglikes et al , 1985) In contrast, hypophosphatemia induced by 
respiratory alkalosis was associated with increased phosphate uptake by 
muscle and liver (Hoppe et al , 1982) No data on vascular ATP content 
in SHR are available so far However, total phosphate content of sev-
eral soft tissues was not different between the two strains (chapter 
6), presumably indicating that phosphate depletion is not present in 
young SHR In normotensive rats severe phosphate depletion is accoci-
ated with a decrease in blood pressure which is mainly due to myocar-
dial dysfunction and an impaired responsiveness of blood vessels to 
pressure agonists (Saglikes et al , 1985) In contrast, in SHR hypo-
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phosphatemia is associated with increased blood pressure and therefore 
other mechanisms must be involved. The blood pressure reducing effect 
of high phosphate diets is not limited to the pathologic situation of 
hypertension, and occured also in the control WKY group, although the 
reduction in blood pressure was much smaller in WKY than in SHR. This 
observation suggests that a mechanism other than normalizing plasma 
phosphate must be involved. 
A recent study showed that parenteral injection of phosphate blocks 
the antihypertensive effect of a high calcium intake presumably through 
correction of calcium-induced phosphate deficiency (Lau et al., 1984). 
Our findings do not support this hypothesis. The experiments reported 
in Lau's study are not unambiguous. Firstly, a high calcium diet 
reduced blood pressure and induced simultaneously phosphate deficiency. 
After the reduction in blood pressure was well established, parenter-
ally applied phosphate normalized phosphate deficiency and led to an 
increase in blood pressure. Secondly, when phosphate was given paren-
terally and simultaneously with a high calcium diet, phosphate defi-
ciency was still present but blood pressure was not influenced by the 
high calcium diet (Table 3 in Lau et al., 1984). The last observation 
dissociates calcium effects on blood pressure from induced changes in 
phosphate balance. Moreover, McCarron et al. (1985) applying compara-
ble high calcium diets noticed no calcium-induced phosphate deficiency. 
In addition, the high phosphate diet in our study took months to lower 
blood pressure, whereas in Lau's study parenteral phosphate application 
changed blood pressure in 2 weeks. 
Additional mechanisms to be considered include changes in blood ion-
ized calcium due to increased phosphate intake. Blood ionized calcium 
levels were not determined in our study. However, increasing phosphate 
by 1 mM results in a minor decrease in ionized calcium of 0.018 raM, as 
recently examined in vitro (Adler et al., 1985). Since in our study, 
increases in plasma phosphate due to high phosphate intake never 
exceeded 0.5 mM, a meaningfull decrease in ionized calcium can be 
119 
excluded. Moreover, decreases in blood ionized calcium are associated 
with hypertension rather than with hypotension (McCarron et al., 1981). 
Whether the increased rate of growth in KPi-SHR is involved in the 
hypotensive effect of a high phosphate diet is not clear at the moment 
The current findings could also be of value m relation to essential 
hypertension, since comparable disturbances in phosphate metabolism in 
human hypertension have been reported (McCarron, 1982, Daniels & Good-
man, 1983, McCarron, 1985) It is clear that further studies are 
needed to delineate the mechanisms involved in the hypotensive effect 
of high phosphate intake 
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8.1 INTRODUCTION 
Brush border membranes of rat proximal tubules contain a 
Na+-dependent phosphate transport system which has been studied exten-
sively (Baumann et al., 1975, Hoffmann et al., 1976; Burckhardt et al., 
1981; Cheng & Sactor, 1981; Brunette et al., 1984; Amstutz et al., 
1985). The experimental conditions chosen to characterize this system 
have not always been appropriate and this can partly explain the large 
differences in kinetic parameters reported by various groups. All stud-
ies, except one, were carried out at 25CC, at which temperature a sin-
gle mode of transport is observed (Hoffmann et al., 1976, Burckhardt et 
al , 1981; Cheng & Sactor, 1981). However, at 350C a dual mechanism 
was reported recently by Brunette et al. (1984). In view of another 
recent publication (Amstutz et al., 1985) it is likely that previous 
studies on Na+-dependent phosphate transport were not done under ini-
tial rate conditions. 
All studies on the effect of pH on renal Na+-dependent phosphate 
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transport report an increase in the rate of Na+-dependent phosphate 
transport when the pH is increased from 6.0 to 8.5 (Hoffmann et al., 
1976, Burckhardt et al , 1981, Cheng & Sactor, 1981, Sactor & Cheng, 
1981, Brunette et al , 1984, Amstutz et al , 1985). From the pH depen­
dence, several investigators concluded that divalent phosphate is pref­
erentially transported (Hoffmann et al , 1976, Sactor & Cheng, 1981, 
Brunette et al , 1984) In contrast, others concluded that the pH 
dependence of Na+-dependent phosphate transport reflects an inherent 
property of the system itself, ι e a decrease in pH decreases the 
affinity of the Na+-site for Na + (Burckhardt et al , 1981, Amstutz et 
al 1985) 
In our opinion, direct comparison of the results of several studies 
is not quite possible due to large variation in experimental condi­
tions, as for example the range of phosphate concentrations studied, 
the magnitude of the Na+-driving force, temperature, initial rates and 
transmembrane pH gradients Therefore, we reinvestigated the kinetic 
parameters and the effect of pH on Na+-dependent phosphate transport in 
renal brush border vesicles at 370C under proper initial rate and zero-
trans conditions 
8 2 MATERIALS AND METHODS 
Male Wistar-Kyoto rats (200-250 g) maintained on a normal diet 
(0 84% w/w P, RMH-TM, Hope Farms, Woerden, NL) were used throughout 
this study Renal brush border membranes were isolated from rat renal 
cortex with two subsequent Mg2+-precipitation steps according to Biber 
et al (1981), using a Dounce apparatus with a tight-fitting pestle 
for homogemzation In the final isolation step, brush border membrane 
vesicles (BBMV) were washed and resuspended in a standard medium con­
taining 100 mM KCl, 100 mM mannitol, 1 mM NaNa, 20 mM Tris/HEPES (pH à 
6 8) or 20 mM MES/Tris (pH < 6 8) The pH of this final medium was 
always equal to the pH of the uptake medium, avoiding transmembrane pH 
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gradients. Purity of brush border membrane preparations was similar as 
previously reported (Bindels et al., 1986b). 
Transport of 32[P]Phosphate into BBMV was measured by means of a 
rapid filtration technique using 0.45 μιη filters (Schleicher and 
Schuil, Dassel, FRG). Eight minutes before the experiment, the vesi­
cles and the uptake medium were brought to 370C in a water bath. 
Uptake was started by adding 5 μΐ of membrane suspension (30 yg pro­
tein) to 45 vl of uptake medium containing 0.01-3.0 mM НагНРО^ (final 
concentration). The uptake reaction was quenched by addition of 1.1 ml 
of an ice-cold stop solution. The radioactivity on the filters was 
counted by means of conventional liquid scintillation techniques. All 
uptakes were carried out in triplicate at 370C. Uptake experiments were 
carried out in a standard uptake medium containing 100 mM NaCl, 100 mM 
mannitol, 1 mM NaNs, 20 mM Tris/HEPES (pH > 6.8) or 20 mM MES/Tris (pH 
< 6.8). The stop solution contained 100 mM KCl, 100 mM mannitol, 1 mM 
NaNs, and 10 mM Na2HAs04 buffered as the uptake medium. The 
Na+-dependent phosphate uptake as a function of substrate concentration 
was analyzed using Eadie-Hofstee plots and evaluated according to a two 
component model (Borst-Pauwels, 1973): 
Vi * s г * s 
ν = + 
Κι + s Кг + s 
(Vi * Кг + г * Кг) s + (Vi + г) s 2 
ν = 
Κι * Кг + (Κι + Кг) s + s 2 
This summation of two Michaelis-Menten equations was used to analyze 
the data with a non-linear least square regression program yielding the 
kinetic parameters. 
Alkaline phosphatase activity of BBMV was measured at 37eC with 3 mM 
(J-glycerophosphate as substrate added to the uptake medium (pH 8.5). 
The reaction was stopped by addition of 0.5 N NaOH. The amount of 
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Figure 8 . 1 
Time course of 
phosphate uptake at 
37 0C by renal brush 
border membrane 
v e s i c l e s in the 
standard uptake 
medium in the 
presence of 100 mM 
NaCl ( · ) or 100 mM 
KCl ( о ) . pH and 
phosphate ( P i ) 
c o n c e n t r a t i o n as 
i n d i c a t e d . 
A) Control 
B) Vesicles were 
loaded in the 
standard medium 
in the presence 
of 0.5 mM EDTA 
and mixed with 
the standard 
uptake medium in 
the presence of 3 
mM fi-glycero-
phosphate and 0.5 
mM EDTA. 
Values of a typical 
experiment in tri­
plicate are given. 
released phosphate was measured with a modified Fiske-Subbarow method 
(Bonting et al., 1963). Protein was determined with a Coomassie blue 
kit (Biorad, München, FRG). The results are expressed as means ± SEM 
and were evaluated statistically by unpaired Student's t-test. 
8.3 RESULTS 
8.3.1 Initial rate of phosphate uptake 
In order to work under initial rate conditions, the rate of phos-
phate uptake was studied at 3 pH values at several phosphate concentra-
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(Ajmol P\/mg prot) 
30 
Time (mm) 
Figure 8.2 Alkaline phosphatase activity as a function of incu-
bation time in renal brush border membrane vesicles 
at 370C with 3 mM ß-glycerophosphate as substrate Experiments 
were carried out without (·) and with (ο,Δ) 0.5 mM EDTA present 
in the standard uptake medium. (Δ) Brush border membrane vesicles 
were preincubated for 1 hour on ice with 0.5 mM EDTA Results 
are means ± SEM of experiments in triplicate on 4 different mem­
brane preparations 
tions. The results are shown in Fig. 8.1. In fresh preparations it 
turned out to be increasingly difficult to determine phosphate uptake 
rates when the pH was lowered (Fig. 8.1a). At pH 6.2 more phosphate was 
"bound" when K + was present than with Na+ present This phosphate bind­
ing phenomenon could not be reduced by filtering or boiling the uptake 
medium However, with 3 mM ß-glycerophosphate and 0 5 mM EDTA in the 
uptake medium most of the binding disappeared and, more important, the 
rate of phosphate uptake appeared linear up to 4 or 8 sec, depending on 
the pH and phosphate concentration tested (Fig. 8.1b). 
Fig 8.2 shows that alkaline phosphatase, present in brush border 
membranes, hydrolyses fS-glycerophosphate thereby releasing inorganic 
phosphate. Alkaline phosphatase activity was inhibited only 25% with 
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Table 8.1 Effect of ^-glycerophosphate on phosphate uptake in 
renal brush border membrane vesicles at 370C 
phosphate uptake (nmol/sec/mg protein) 
Pi ß-glycero 
(mM) phosphate Na+ K+ 
0.1 - 0.17±0.02 0.02010.002 0.15±0.02 
+ 0.17+0.02 0.020І0.003 0.15+0.01 
p>0.92 p>0.99 p>0.99 
3.0 - 0.78±0.09 0.38 ± 0.04 0.4010.09 
+ 0.93+0.13 0.41 1 0.06 0.5310.09 
p>0.30 p>0.60 p>0.29 
The phosphate uptake was measured at 4 sec in the presence of 100 
mM Na + or 100 mM K + with or without 3 mM ß-glycerophosphate. The 
standard uptake medium (pH 8.5) was used in the presence of 0.5 
mM EDTA. Brush border membrane vesicles were loaded with standard 
buffer (pH 8.5) in the presence of 0.5 mM EDTA. Results are means 
1 SEM of uptake rates obtained in triplicate in 5 different mem-
brane preparations. Pi, phosphate concentration; v, 
Na+-dependent phosphate uptake; p, significance between - and + 
ß-glycerophosphate, determined by unpaired t-test. 
0.5 mM EDTA. However, when brush borders were preincubated with 0.5 mM 
EDTA for 1 hour on ice, the alkaline phosphatase activity was almost 
completely inhibited. Since very low phosphate concentrations were 
used, it is important to avoid release of inorganic phosphate. There-
fore BBMV were preincubated routinely with 0.5 mM EDTA to secure a con-
stant phosphate concentration during uptake studies. 
From Table 8.1 it can be concluded that 3 mM ß-glycerophosphate does 
not effect Na+-dependent phosphate uptake rate neither at 0.1 nor at 
3.0 mM phosphate. It has also been shown previously that alkaline phos-
phatase inhibitors like EDTA do not influence Na+-dependent phosphate 
uptake by these vesicles (Tenenhouse et al., 1980; Storelli & Murer, 
1980). 
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Figure 8.3 Eadie-Hofstee plots of Na+-dependent phosphate uptake 
in renal brush border membrane vesicles at 370C. The 
left panel shows data obtained under initial rate conditions (4 
sec) while the right panel gives values obtained after 15 sec 
incubation. Phosphate concentrations varied between 0.01 and 3.0 
mM. Brush border membrane vesicles were loaded in standard medium 
(pH 6.8) in the presence of 0.5 mM EDTA. The uptake medium (pH 
6.8) contained 3 mM ^-glycerophosphate and 0.5 mM EDTA. The data 
have been corrected for Na+-independent phosphate uptake in the 
presence of 100 mM KCl instead of NaCl. Solid lines represent a 
non-linear regression of the data, used to calculate the kineti-
cal constants. The fitted curves can be described by a dual 
mechanism (dotted lines) Results are means of uptake rates of 
experiments in triplicate on 3 different membrane preparations. 
8.3.2 Kinetics of Na+-dependent phosphate uptake 
Initial rates of phosphate uptake (4 sec) were studied with phos-
phate concentrations varying between 0.01 and 3.0 mM. An Eadie-Hofstee 
plot of Na+-dependent phosphate uptake at pH 6.8 is given in Fig. 8.3 
(left panel). A deviation from linearity or single Michaelis-Menten 
kinetics is observed, indicative of a dual mechanism or a two-site 
transport mechanism for phosphate in the brush border membrane. Bru-
nette et al. (1984) also reported recently a second component in Linew-
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еа ег-Burk plots of Na+-dependent phosphate uptake when phosphate 
uptake was studied at 35CC. We fitted our data to a two-site mechanism 
by non-linear least square regression and calculated the maximal trans­
port capacity, V , and the apparent affinity constant, Κ , for the 
high and low affinity system. The К values are 19 and 524 μΜ while the 
V values are 0.05 and 0 60 nmol/sec/mg protein for the high and low 
affinity system respectively. 
When Na+-dependent phosphate uptake is studied under non-initial 
rate conditions at 15 sec the V values decrease to 0.03 and 0.20 
max 
nmol/sec/mg protein respectively as shown in Fig. 8.3 (right panel). In 
this situation, К values are 8 and 666 yM. Hence, non-initial rate 
m 
conditions effect in particular the V of the low affinity system and 
r
 max ' ' 
not the К values of both systems. 
m ' 
8.3.3 pH-dependence of Na+-dependent phosphate uptake 
The initial rate of phosphate uptake in the presence of Na* and 0.1 
mM phosphate increased sharply by raising the pH from 6.2 to 6.8 (Fig. 
8 4a). A further raise in the pH to 8.5 stimulated phosphate uptake 
only slightly. The same pattern of pH-dependence was observed at 250C 
(data not shown). At 3 mM phosphate, the initial rate of phosphate 
uptake in the presence of a Na + gradient was also enhanced by a pH rise 
from 6.2 to 7.1 (Fig. 8.4b). In contrast to Fig. 8.4a a further 
increase in the pH reduced phosphate uptake. Therefore, the 
Na+-dependent phosphate cotransporter displays a pH optimum around pH 
7.1 when measured under V conditions. Na+-independent phosphate 
uptake was not influenced by pH at both phosphate concentrations stud­
ied. The great SEM values shown in Fig. 8.4b resulted from large dif­
ferences between various brush border preparations rather than from 
scatter in phosphate uptake values within one single experiment. With 
every brush border preparation the whole pH range was studied and the 
typical pH dependence was seen in every single preparation. 
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Figure 8 4 pH dependence of initial rate of phosphate uptake by renal brush border 
membrane vesicles at 370C in the presence of 100 mM NaCl (·) or 100 raM 
KCl (о) Phosphate (Pi) concentrations used were 0 1 mM (a) and 3 mM (b) Brush 
border membrane vesicles were loaded in standard medium in the presence of 0 5 mM 
EDTA The uptake medium contained 3 mM 0-glycerophosphate and 0 5 mM EDTA Results 
are means of uptake rates of experiments in triplicate (4 sec of incubation) on 5 
different membrane preparations 
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Figure 8.5 Eadie-Hofstee plots of Na'''-dependent phosphate uptake 
in renal brush border membrane vesicles at 37CC. The 
left panel shows data obtained at pH 6 2 (8 sec of incubation) 
while the right panel gives values obtained at pH 8 5 (4 sec of 
incubation) Results are means of uptake rates of experiments in 
triplicate on 3 different membrane preparations Uptake condi­
tions as described in the legend of Fig 8 3. 
N<a+-dependent phosphate uptake as a function of phosphate 
concentration was also investigated at pH 6.2 and 8.5 (Fig 8 5) At 
both extreme pH values, a dual Na+-dependent phosphate transport system 
was apparent and when the data were fitted to a two-site system a high 
and a low affinity system emerged The calculated kinetic parameters 
from Eadie-Hofstee plots at pH 6.2, 6 8 and 8 5 are listed in Table 
8.2 The K
m
 of the low affinity system increased dramatically with 
decreasing pH Assuming monovalent phosphate as substrate for the car­
rier the rise in К became even more pronounced When divalent phos-
M 
phate is assumed to be the sole substrate the К value becomes Inde­
rn 
pendent of the pH This result strongly suggest that the low affinity 
system preferentially transports divalent phosphate. It appears that 
the K^ value of the high affinity system is not influenced signifi-
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Table 8 2 Kinetic parameters of Na+-dependent phosphate uptake 
in renal brush border membrane vesicles at 37°C 
PH 
8.5 
6.8 
6.2 
pH 
8.5 
6 8 
6.2 
V 
39 
19 
40 
шах1 
0 11 
0 05 
0.01 
К 2 
259 
524 
1526 
шах2 
0 42 
0 60 
0 35 
t I 
(VM) 
1 5 
10 262 
32 1221 
(nmol/sec/mg protein 
tl 
V 
38 
10 
β 
.) 
»Ι 
V 
25ч 
262 
305 
Kinetical parameters were derived from the Eadie-Hofstee plots 
shown in Fig 8 3 and 8 5 K
m
, K^ and КЦ were calculated assum­
ing total, monovalent resp divalent phosphate as substrate (pKi 
= 6 8 at 370C) The subscripts 1 and 2 denote high respectively 
low affinity system 
cantly by pH Apparently, there is no preferred phosphate ion for the 
high affinity system The V of the high affinity system decreased 
strongly with decreasing pH values and the high affinity system is 
almost undetectable at acid pH The V of the low affinity system is 
highest at pH 6.8 and lower at pH 8 5 and 6 2, which Is in agreement 
with the data presented in Fig 8 4b Since the pH-induced changes in 
these changes in V must reflect an influence of pH on the transport 
system itself. 
Amstutz et al. (1985) argued that lowering the pH decreases the 
affinity for Na+ of the Na+-dependent phosphate transport system. They 
showed that increasing the Na* concentration reduced the pH effect on 
Na+-dependent phosphate uptake. We studied phosphate uptake at 100 and 
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Table 8.3 The effect of 250 mM Na+ on the pH-dependence of the 
Na+-dependent phosphate uptake in renal brush border 
membrane vesicles at 370C 
pH 
Phosphate 
(mM) 
0.1 
3.0 
Na+ 
(mM) 
100 
250 
100 
250 
6.4 
0.039±0.002 
0.055±0.034 
p>0.59 
0 26610.066 
0.ДО1І0.О03 
p<0.02 
7.4 
0.095І0.004 
0.220±0.007 
p<0 0001 
0.301±0.016 
0.48210.031 
p<0.003 
The phosphate uptake (nmol/sec/mg protein) was measured at 4 sec 
in the presence of 100 or 250 mM NaCl and mannitol to keep the 
osmolarity constant at 500 mOsm. The phosphate uptake was cor­
rected for the Na+independent phosphate uptake determined in the 
presence of 100 or 250 mM KCl instead of NaCl in the uptake 
medium Brush border membrane vesicles were loaded with a medium 
containing 500 mM mannitol, 1 mM NaNs, 0 5 mM EDTA, 20 mM MES/ 
Tris (pH 6 4) or 20 mM Tris/HEPES (pH 7 4). Results are means 1 
SEM, of uptake rates obtained in quadruplicate in 3 different 
membrane preparations p, significant difference between 100 and 
250 mM Na , determined by unpaired t-test. 
250 mM Na + at pH 6 4 and 7 4 both at low and high phosphate 
concentrations. The results are shown in Table 8.3. Increasing Na + con­
centration from 100 to 250 mM increased Na+-dependent phosphate uptake 
significantly, except at 0.1 mM phosphate and pH 6.4. Most important, 
the pH effect on Na+-dependent phosphate uptake is not substantially 
altered by the increase in Na + concentration. 
8.4 DISCUSSION 
The kinetics of Na+-dependent phosphate transport in rat renal BBMV 
were studied at 37CC under initial rate conditions over a wide range of 
phosphate concentrations. Our study revealed two phosphate transport 
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systems: a major low affinity and a minor high affinity system. The 
effects of pH on both systems can be explained best when it is assumed 
that the high capacity system transports divalent phosphate preferen­
tially while the low capacity system transports monovalent as well as 
divalent phosphate. 
It is firmly established that phosphate transport in the kidney is 
coupled to sodium and is strongly influenced by pH (Mizgala & Quamme, 
1985; Gmaj & Murer, 1986). Uncertainty exists about the kinetic parame­
ters of Na+-dependent phosphate transport as can be seen in Table 8.4, 
where reported kinetic parameters are listed. The large variation in К 
and V values probably arises from different experimental conditions 
used by the various authors. 
The first condition of importance is the ambient temperature. At 
370C a dual mechanism is always observed but at 250C the high affinity 
system is less conspicuous. At 250C a slight deviation from linear 
Michaelis-Menten kinetics can be observed (Bindels et al., 1986b). The 
occurence of two systems can partly explain the variation in К values 
(Table 8.4). Depending on the range of phosphate concentrations used, 
К values between 20 and 600 vM can be expected. 
The second condition of importance is initial rate. Most values in 
Table 8.4 were obtained from either 15 sec or 30 sec uptake points, 
which is far from the initial rate (Amstutz et al., 1985). We have 
shown that non-initial rate conditions especially effects the V of 
r J
 max 
the low affinity system (Fig. 8.3), making the high affinity relatively 
more important. This effect is expressed in Table 8.4 where the rela­
tively long uptake points yield the lowest К values. 
The third condition is the pH value at which the kinetics are stud­
ied. At physiological pH values inorganic phosphate is present in two 
forms: H2PO4- and HP0^2~. The question which form is preferentially 
transported has been asked by various investigators. However, these 
studies are never unambiquously, since variations in the ratio monova-
lent/divalent phosphate can only be realized by varying the pH. This 
135 
Table 8.4 Kinetic parameters of Na+-dependent phosphate uptake in 
renal brush border membrane vesicles 
time 
(sec 
10 
20 
30 
20 
20 
30 
10 
<7 
10 
15 
10 
15 
<7 
5 
15 
15 
10 
15 
10 
30 
30 
30 
8 
10 
4 
10 
10 
10 
4 
"С 
) 
? 
20 
20 
? 
? 
9 
25 
RT 
25 
RT 
25 
25 
RT 
20 
25 
22 
25 
22 
25 
20 
l> 
20 
37 
35 
37 
35 
35 
35 
37 
species 
rabbit 
rabbit 
rabbit 
dog 
dog 
dog 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
rat 
pHo 
7.3 
7.5 
7.5 
7.5 
7.5 
8.5 
6.3 
6.4 
6.9 
7.4 
7.4 
7.4 
7.4 
7.4 
7.4 
7.5 
7.8 
8.5 
8.5 
8.5 
8.5 
8.5 
6.2 
6.5 
6.8 
7.5 
8.5 
8.5 
8.5 
К 
m 
(VM) 
V 
max 
Pi range 
(nmol/min/ (yM) 
mg protein) 
136 
85 
53 
51 
51 
68 
627 
954 
1464 
190 
1392 
80 
203 
141 
57 
130 
1364 
36 
89 
72 
95 
62 
0-1526 
341 
9- 524 
167 
94 
3-1610 
9- 259 
5.5 
5.4 
2.7 
4.8 
4.8 
15.0 
11.2 
6.7 
49.7 
13.0 
85.0 
65.0 
8.0 
6.4 
9.6 
8.5 
77.9 
12.5 
23.2 
5.0 
8.3 
12.4 
0.6-21 
25.8 
3.0-36 
33.0 
19.8 
21-30 
6.6-25 
25-1000 
25-1000 
50-1000 
10- 500 
10-2000 
50-1000 
100-1500 
50-1000 
100-1500 
10-1000 
100-1500 
500-4000 
50-1000 
50-1000 
30-1000 
10-5000 
100-1500 
20-1000 
40- 300 
50-1000 
50-1000 
50-1000 
10-3000 
40- 300 
10-3000 
40- 300 
40- 300 
40-3000 
10-3000 
Re f 
Sector & Cheng, 
Cheng & Sactor, 
Kempson et al., 
(1981) 
(1981) 
(1983) 
Hruska & Hammerman (1981) 
Hammerman et al 
Turner & Dousa, 
Burckhardt et a 
Amstutz et al., 
Burckhardt et a 
Thierry et al., 
Burckhardt et a 
Hoffmann et al. 
Amstutz et al., 
Kempson, (1985) 
Bindels et al., 
Levine et al., 
Burckhardt et a 
Levine et al., 
Brunette et al. 
Kempson et al., 
Espinosa et al. 
Kempson, (1982) 
This study 
Brunette et al. 
This study 
Brunette et al. 
Brunette et al. 
Brunette et al. 
This study 
. , (1980) 
(1985) 
1., (1981) 
(1985) 
1., (1981) 
(1981) 
1., (1981) 
, (1976) 
(1985) 
(1986b) 
(1984) 
1. , (1981) 
(1983) 
, (1984) 
(1983) 
, (1984) 
, (1984) 
, (1984) 
, (1984) 
, (1984b) 
All studies used a buffered uptake medium containing 100 mM NaCl, except 
Amstutz et al. (1985) who used at pH 6.4 130 mM and at pH 7.4 120 mM 
NaCl. Time, uptake time; 0C, uptake temperature; Pi range, studied con­
centration range of phosphate; RT, room temperature; ?, not reported. 
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may directly effect the kinetic parameters of Na+-dependent phosphate 
transport Most studies agree on preferential transport of divalent 
phosphate (Hoffman et al , 1976, Burckhardt et al , 1981, Cheng & Sac-
tor, 1981, Brunette et al , 1984) In order to evaluate the effect of 
pH on Na+-dependent phosphate transport, the two transport systems have 
to be considered separately because pH changes effect both systems in a 
different way Considering firstly the major low affinity system, we 
conclude that divalent phosphate is the preferred substrate The appar­
ti 
ent К for divalent phosphate is not influenced by pH (Table 8 2) The 
same conclusion was reached by Rabito (1983) from studies on the pH 
dependence of phosphate uptake at 370C by a kidney cell line Our con­
clusion is further strengthened by the results shown in Fig 8 4a 
Na+-dependent phosphate uptake Increased sharply between pH 6 6 and 6 8 
when uptake rates are studied at phosphate concentrations well below 
the К value Apparently the low concentration of divalent phosphate 
below pH 6 6 becomes a limiting factor Also in micropuncture studies 
on chronic parathyroidectomized rats, it was shown that phosphate reab-
sorption decreased below pH 6 7 and no further increase was found 
between pH 6 7 and 7 8 (Ullrich et al , 1978) 
An alternative explanation for the effect of pH on the К for phos­
phate is favored by Burckhardt et al (1981) and Amstutz et al (1985) 
Their reasoning is that lowering the pH decreases the Na + affinity of 
the phosphate transporter and thereby making the Na + gradient less 
efficient In their study an increase in external Na + concentration 
counteracted partly the inhibition of Na+-dependent phosphate transport 
at lower pH values Nevertheless, even at saturating Na + concentrations 
(300 mM) a decrease in pH Increased the К value for phosphate In our 
study, the effect of pH on Na+-dependent phosphate transport was more 
or less independent of the ambient Na + concentration At 250 mM Na + the 
phosphate transport rates were higher but the relative effect of pH was 
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similar as with 100 mM Na+ (Table 8.3). Therefore, at phosphate con­
centrations around the К value or lower the pH dependence merely 
reflects the preference for divalent phosphate. It can be anticipated 
that at higher phosphate concentrations, when at every pH value maximal 
transport rates are measured, an effect of pH on the carrier will be 
observed This experiment is shown in Fig. 8.4b. The V of the low r β
 max 
affinity system was maximal around pH 7.0 Phosphate reabsorption in 
isolated perfused proximal tubules of the rabbit was also maximal at 
neutral pH and high phosphate concentration (Dennis et al., 1976). The 
mechanism behind the pH effect on the V is not known but it probably 
r
 max
 r J 
reflects a pH optimum of the transport protein itself as is frequently 
observed for enzymes. The effect of pH on the kinetics of the high 
affinity system is quite different Changes m pH primarily effect the 
V but not the apparent К . 
max
 r r
 m 
The two Na+-dependent phosphate transport systems observed m our 
study may result from tubular heterogeneities in the ability to reab­
sorb phosphate either along the length of proximal tubules or between 
cortical and juxtamedullary nephrons It was demonstrated before that 
glucose carriers have different affinities and transport capacities 
dependent on the localization along the length of proximal tubules 
(Barfuss h Schafer, 1981, Turner & Moran, 1982) Depending on the par­
athyroid hormone and phosphate states, lower and higher capacities for 
phosphate reabsorption in deep compared to superficial nephrons have 
been reported (Haas et al , 1978, Haramati et al., 1983, Haramati, 
1985). In two recent studies, conflicting differences in V values 
max 
for Na+-dependent phosphate transport were reported between cortical 
and juxtamedullary BBMV (Brunette et al., 1984b, Turner & Dousa, 1985). 
The explanation may be the different experimental conditions used by 
the two groups Therefore, further studies are required to delineate 
these possible tubular heterogeneities. 
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SUMMARY A N D CONCLUSIONS 
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9.1 INTRODUCTION 
In the majority of hypertensive patients the origin of the disease 
is unknown. These cases are therefore marked as essential hypertension. 
According to Folkow (1982) essential or primary hypertension can also 
be defined as an inherited predisposition for high blood pressure, 
which separates it from all other variants of hypertension. The expres-
sion of this predisposition in a high blood pressure is strongly influ-
enced by environmental factors like salt intake, overweight and stress 
and by secondary adaptations like structural changes in arterioles 
(Folkow, 1982). A breakthrough in hypertension research was initiated 
by the wide use of animal models for essential hypertension. For 
instance, in 1963 Okamoto and Aoki developed by systemic brother-sister 
inbreeding the spontaneously hypertensive rat (SHR) from the Wistar 
strain (Okamoto & Aoki, 1963). Later the normotensive Wistar-Kyoto 
control rat (WKY) was similarly developed. Systolic blood pressure in 
the adult SHR is maintained at a level of approximately 220 mmHg, 
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whereas in adult WKY systolic blood pressure reaches a аахішшп of 130 
mmHg (Trippodo & Fröhlich, 1981). Based on various similarities between 
hypertension of the SHR and essential hypertension gathered in more 
than 20 years of research, the SHR has been generally recognized as the 
best model for the human disease. 
The etiology of primary hypertension has been proposed to involve 
many organs and cellular mechanisms like mechanical-hemodynamic fac-
tors, neural system, renin-angiotensin system, renal function and hor-
monal factors (Folkow, 1982; Postnov & Orlov, 1985). In addition, diva-
lent ions like phosphate, calcium and magnesium have been considered to 
be of influence because they serve critical functions in normal cardio-
vascular physiology, but also because several abnormalities in divalent 
ion metabolism were associated with hypertension (McCarron, 1982b). 
This thesis dealt with several aspects of phosphate, calcium and 
magnesium metabolism in the spontaneously hypertensive rat and can, 
roughly, be divided into four parts. Firstly, SHR and WKY were charac-
terized with special emphasizes on phosphate, calcium and magnesium 
metabolism. Secondly, based on the results of this former part, the 
role of the kidney in phosphate, calcium and magnesium metabolism in 
SHR was investigated. Thirdly, other factors involved in mineral metab-
olism in SHR were studied. Fourthly, the effect of a high dietary phos-
phate intake on blood pressure in SHR and WKY was studied. 
9.2 PHOSPHATE, CALCIUM AND MAGNESIUM METABOLISM IN SHR 
Hypertension in SHR is accompanied by a main disturbance in phos-
phate metabolism, already present in young rats between 4-6 weeks of 
age. This disturbance in phosphate metabolism include a primary hypo-
phosphatemia followed by an adaptive hypophosphaturia resulting in a 
marginally more positive phosphate balance in SHR. As far as calcium 
and magnesium metabolism are concerned, minor alterations in SHR were 
unmasked. Both serum ionized Ca2* and ultrafilterable Mg2+ concentra-
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tions were slightly decreased in SHR, in the presence of normal serum 
total calcium and magnesium concentrations, suggesting an altered bind-
ing of divalent ions, presumably to proteins, in blood of SHR. Hyper-
calciuria developed in SHR after 15 weeks of age, long after hyperten-
sion was established. In addition, balance of calcium and magnesium 
only tended to be more positive in SHR (chapter 2). 
9.3 ROLE OF THE KIDNEY 
The great importance of the kidney for the regulation of blood pres-
sure has been emphasized by several investigators (Guyton et al., 1972; 
Folkow, 1982) and suggests that the kidney is of initiating importance 
in the pathophysiology of hypertension. In addition, the kidney plays a 
crucial role in phosphate, calcium and magnesium metabolism. Therefore, 
renal handling of these ions was studied in detail. 
The isolated perfused rat kidney has been recognized as a suitable 
preparation for the study of physiological aspects of renal function 
(Bekersky, 1982). This model allows for controlled manipulations of 
ionic and hormonal content of the fluid perfusing the kidney. In addi-
tion, hemodynamic parameters can be monitored continuously. Unfortu-
nately, functional abnormalities persist even in the best isolated per-
fused kidney preparation (Maack, 1980). Phosphate and calcium handling 
studied in this model were not significantly different between SHR and 
WKY. Therefore, this study does not provide additional evidence for an 
defect in the SHR kidney of initiating importance in a disturbed phos-
phate and calcium metabolism in SHR. Interestingly, the isolated per-
fused SHR kidney was less reactive towards the diuretics, furosemide 
and chlorothiazide. The reason for this hyporesponse remains obscure 
(chapter 3). 
Proximal tubule plasmamembranes, i.e. brush border and basolateral 
membrane, contain the transport systems which control transcellular 
movements. The development of isolated renal membrane preparations made 
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it possible to study the molecular mechanism of these transport sys­
tems It is therefore not surprising that this preparation contributed 
greatly to the understanding of transepithelial transport. We employed 
this technique to study renal phosphate and calcium transport at the 
molecular level in hypertension. 
Renal phosphate reabsorption is, under normal conditions, almost 
limited to the proximale tubule, where more than 90°» of the phosphate 
reabsorption takes place Proximal tubular phosphate reabsorption 
involves secondary active transport at the luminal membrane, i.e brush 
border, where it is coupled to sodium movement (Mizgala & Quamme, 
1985) In chapter 4, we found a specific increase in the Na+-dependent 
phosphate transport capacity, V , in isolated renal cortical brush 
border membrane vesicles (BBMV) from SHR, whereas the apparent affin­
ity, Κ , for phosphate was not altered. This increase in V explains 
m max 
the hypophosphaturia in SHR It is of interest that a parallelism was 
found between the magnitude of Na+-dependent phosphate transport in 
renal brush borders and alkaline phosphatase activity in renal mem­
branes The same parallelism emerges from the literature m several 
pathophysiological states (Shah et al., 1979, Tenenhouse et al., 1980; 
Turner et al , 1982). 
In chapter 8, the Na+/phosphate cotransporter was investigated in 
more detail. Kinetical analysis of Na+-dependent phosphate transport in 
rat renal BBMV at 370C under initial rate and zero-trans conditions, 
revealed two Na+-dependent phosphate transport systems: a major low 
affinity and a minor high affinity system. Both systems were strongly 
influenced by pH, which can be explained best when it is assumed that 
the high capacity system transports divalent phosphate preferentially 
and the low capacity system monovalent as well as divalent phosphate. 
The following conditions proved to be important when investigating 
Na+-dependent phosphate transport m renal BBMV: ambient temperature, 
initial rate conditions and pH value 
Renal proximal tubule cells contain in the basolateral membrane two 
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calcium transport systems: a Ca2+-stimulated ATPase and a Na+/Ca2+ 
exchanger. These systems control intracellular Ca2+ and are therefore 
indirectly involved in the regulation of a variety of cell functions 
(Carafoli, 1982). We studied both Ca2+-ATPase and Na+/CaI+ exchange 
system in isolated renal basolateral membranes of SHR. However, both 
systems were basicly unaltered in SHR compared to the age-matched WKY, 
which suggests that the calcium homeostasis of the cortical cells is 
normal in SHR as far as the role of the plasmamembrane is concerned 
(chapter 5). Therefore, this study failed to support the hypothesis 
postulated recently by Postnov & Orlov (1982) in which a primary role 
for membrane alterations is suggested with special emphasizes on 
Ca2+-transporting systems, in the pathogenesis of primary hypertension. 
9.4 OTHER FACTORS INVOLVED 
Besides the kidney, other organs and tissues like intestine, bone 
and soft tissues, contribute to the regulation of plasma phosphate, 
calcium and magnesium concentrations. The regulatory functions of 
these organs are modulated by the socalled calciotropic hormones, i.e. 
parathyroid hormone (PTH), vitmamin D3 metabolites and calcitonin. In 
chapter 6, these factors were studied in SHR and WKY. 
Transport characteristics across small intestinal epithelium in 6-7 
weeks old SHR were measured in Ussing chambers. A reduction in jejunal 
phosphate absorption was observed in SHR. In spite of this reduced 
phosphate absorption, net phosphate balance tended to be more positive 
in SHR. Therefore, a hypophosphatemia in SHR can not be explained by a 
less positive phosphate balance. Calcium absorption in SHR is rather 
controversial since increased, unaltered and decreased intestinal cal-
cium absorption has been reported (Lau & Eby, 1985). From our experi-
ments, we have to conclude that intestinal calcium absorption is 
basicly unaltered in SHR. 
Bone is the largest reservoir of divalent ions in the body and is 
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important in the control of serum calcium (Mundy & Raisz, 1981). 
Interestingly, bone metabolism was clearly abnormal in young SHR, since 
longitudinal growth was impaired, whereas bone volume and mass were 
increased. Consequently, calcium and phosphate content per bone were 
increased. 
Total phosphorus content of muscle, kidney and liver did not differ 
between WKY and SHR, therefore it is unlikely that a shift in intracel-
lular phosphate is responsible for hypophosphatemia in SHR. 
Calcitonin levels were doubled in young SHR and to our knowledge 
this has not been reported before. Since calcitonin is a strong hypo-
phosphatemic agent (Talmage & Anderson, 1972), elevated calcitonin lev-
els could be responsible for the long-standing hypophosphatemia in SHR. 
In addition, calcitonin inhibits bone resorption (Deftos, 1982) and 
therefore it is attractive to postulate that the bone disorders in 
young SHR are related to increased calcitonin levels. In SHR, 
1,25-dihydroxycholecalciferol levels were slightly increased in face of 
normal 25-hydroxycholecalciferol levels. Biologically active PTH con-
centrations were not altered in young SHR. 
9.5 EFFECT OF A HIGH PHOSPHATE INTAKE ON BLOOD PRESSURE 
Normalizing the main defect in phosphate metabolism in SHR, i.e. 
hypophosphatemia, by a high dietary phosphate intake, resulted in a 
decrease in blood pressure in SHR. However, the hypotensive effect of a 
high phosphate intake was not apparent until 15 weeks after initiation 
of the diet or 10 weeks after normalization of plasma phosphate, sug-
gesting that hypophosphatemia and hypertension in SHR are not related 
in a simple causal way. 
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9.6 CONCLUSIONS 
This study suggests a primary role of calcitonin in the disturbance 
of phosphate, calcium and magnesium metabolism in SHR. Most likely, 
increased levels of calcitonin decrease bone resorption, which results 
in calcium and phosphate retention in bone. Consequently, plasma phos-
phate and calcium decrease. These reductions stimulate the calciotropic 
hormones 1,25-dihydroxycholecalciferol and, tentatively, in older SHR 
also PTH. In the steady state, plasma ionized Ca2+ levels are almost 
but not completely normalized, whereas plasma phosphate levels are not 
corrected. Magnesium metabolism was slightly altered in SHR. Finally, 
this study emphasizes the multifactorial origin and above all the com-
plexity of hypertension in SHR and presumably in man. 
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SAMENVATTING EN CONCLUSIES 
INTRODUCTIE 
Bij circa 85% van alle hypertensieve patiënten kan er geen oorzaak 
voor deze ziekte worden aangewezen. Deze vorm van hoge bloeddruk wordt 
aangeduid als essentiële hypertensie. Volgens Folkow (1982) kan 
essentiële of primaire hypertensie ook gedefinieerd worden als een 
erfelijke aanleg voor een hoge bloeddruk, daardoor onderscheidt het 
zich van alle andere vormen van hypertensie. De expressie van deze 
hoge bloeddruk wordt sterk beïnvloed door omgevingsfactoren zoals 
zoutinname, overgewicht en stress, en door secundaire adaptaties zoals 
structurele veranderingen in het vaatstelsel (Folkow, 1982). Het 
wereldwijde gebruik van diermodellen bij de bestudering van hypertensie 
betekende een doorbraak in het hypertensie-onderzoek. In 1963 
ontwikkelde Okamoto en Aoki door middel van systematische 
broer-zus-inteelt de spontaan hypertensieve rat (SHR) van de 
Wistar-stam (Okamoto & Aoki, 1963). De normotensieve Wistar-Kyoto 
controle rat (WKY) werd op een vergelijkbare wijze ontwikkeld. Nu meer 
dan zestig generaties later, bedraagt de systolische bloeddruk in de 
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volwassen SHR ongeveer 220 mmHg, tegenover 130 mmHg in de volwassen WKY 
(Trippodo & Fröhlich, 1981) Gebaseerd op de vele overeenkomsten tussen 
hypertensie bij de SHR en de mens, verzameld in meer dan twintig jaar 
research, is de SHR algemeen erkend als het beste diermodel voor 
essentiële hypertensie 
Voor het ontstaan van essentiële hypertensie zijn vele mechanismen 
op orgaan- en celniveau verantwoordelijk gesteld, zoals hemodynamische 
factoren, het neurale apparaat, het renine-angiotensine systeem, de 
nierfunctie en hormonale factoren (Folkow, 1982, Postnov & Orlov, 
1985) Daarentegen dienen de tweewaardige ionen zoals fosfaat, calcium 
en magnesium ook overwogen te worden Niet alleen omdat ze belangrijke 
functies vervullen in de cardiovasculaire fysiologie, maar ook omdat 
diverse verstoringen in het metabolisme van tweewaardig ionen 
geassocieerd zijn met hypertensie 
Dit proefschrift behandelt diverse aspecten van het fosfaat-, 
calcium- en magneslummetabolisme in de SHR en bestaat, ruwweg, uit vier 
delen Allereerst is het fosfaat-, calcium- en magneslummetabolisme in 
de SHR en WKY ratten uitvoerig gekarakteriseerd Mede gebaseerd op de 
in dit deel behaalde resultaten, werd vervolgens de rol van de nier in 
het mineraalmetabolism van de SHR onderzocht en werd bestudeerd welke 
factoren nog meer betrokken zijn bij het mineraalmetabolisme m de SHR 
Tenslotte, werd nagegaan het effect van een hoog fosfaatdieet op de 
bloeddruk van de SHR 
FOSFAAT-, CALCIUM- EN MAGNESIUMMETABOLISME IN DE SHR 
Hypertensie in de SHR gaat gepaard met een duidelijk verstoord 
fosfaatmetabolisme De verstoringen, welke reeds aanwezig zijn in 
jonge ratten van 4-6 weken oud, bestaan uit een primair verlaagd 
piasma-fosfaat (hypofosfatemie) en een verlaagde fosfaatuitscheiding in 
de urine (hypofosfaturie), hetgeen resulteerde in een iets meer 
positieve fosfaatbalans in de SHR ten opzichte van de WKY Voor wat 
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het calcium- en magnesiummetabolisroe betreft werden alleen minimale 
veranderingen in de SHR ten opzichte van de WKY aangetoond. Zowel 
serum geïoniseerd Caï+- en ultrafiltreerbaar Mg2+-concentraties waren 
licht verlaagd in de SHR, terwijl de totale calcium- en 
magnesiumconcentraties in het serum onveranderd waren. Dit suggereert 
een verhoogde binding van tweewaardige ionen, vermoedelijk aan 
eiwitten, in het plasma van de SHR. Een verhoogde uitscheiding van 
calcium in de urine (hypercalciurie) trad plotseling op in de SHR 
ratten ouder dan 15 weken, dus lang nadat de hypertensie zich 
ontwikkeld had. De balans van calcium en magnesium was iets meer 
positief in de SHR (hoofdstuk 2). 
ROL VAN DE NIER 
Verschillende onderzoekers attendeerden op de functie die de nier 
vervult bij de regulatie van de bloeddruk (Guyton et al., 1972; Folkow, 
1962) en zij suggereerden dat de nier een primaire rol zou kunnen 
spelen in de pathofysiologie van de hypertensie. Daarenboven is de nier 
waarschijnlijk het meest cruciale orgaan in de regulatie van het 
fosfaat-, calcium- en magnesiumtnetabolisme. Derhalve is het 
mineraalmetabolisme op nierniveau uitvoerig bestudeerd. 
De geïsoleerde geperfundeerde rattenier is erkend als een bruikbaar 
model ter bestudering van de fysiologische aspecten van de nierfunctie 
(Bekersky, 1982). De vloeistof die de nier doorstroomt kan in dit model 
naar believen samengesteld worden en verschillende hemodynamische 
parameters kunnen voortdurend worden geregistreerd. Helaas treden zelfs 
in de beste geïsoleerde nierpreparaten functionele verstoringen op 
(Maack, 1980). De fosfaat- en calciumklaring, bestudeerd in dit model, 
waren niet verschillend tussen beide rattensoorten. Een intrinsiek 
defect in de nier, welke betrokken is bij een verstoord mineraalmeta-
bolisme in de SHR, wordt derhalve niet door onze experimenten 
ondersteund. Interessant was de waarneming dat de geïsoleerde SHR-nier 
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minder gevoelig was voor diuretica zoals furosemide en chlorothiazide. 
De reden voor deze hyporespons is niet duidelijk (hoofdstuk 3). 
Proximale tubulusplasmamembranen, oftewel de brush border en de 
basolaterale membraan, bevatten zeer veel transportsystemen, die zowel 
de intracellulaire homeostase als transcellulaire transporten 
controleren. De isolatie van nierplasmamembranen maakte het mogelijk de 
transportsystemen op moleculair niveau te bestuderen. Het is daarom 
niet verwonderlijk dat deze preparaten veel hebben bijgedragen aan onze 
hedendaagse kennis van transepitheliale transporten. Deze techniek is 
toegepast om het calcium- en fosfaattransport in de nier op moleculair 
niveau te bestuderen in relatie tot hypertensie. 
Fosfaat wordt in de nier onder normale omstandigheden bijna 
uitsluitend in de proximale tubulus gereabsorbeerd, tot ongeveer 90% 
van het gefiltreerde fosfaat. In de luminale oftewel brush border 
membraan wordt fosfaat getransloceerd door middel van een 
natrium-cotransport mechanisme. Natriumionen worden tegelijk met 
fosfaat getransporteerd, waarbij de natriumgradient over de brush 
border membraan de energie levert voor de fosfaataccumulatie (Mizgala & 
Quamme, 1985). In hoofdstuk 4 werd dit natrium-fosfaat 
cotransportsysteem bestudeerd in geïsoleerde nier brush border membraan 
blaasjes (BBMV) van de SHR en de WKY. De capaciteit van het 
Na+-afhankelijk fosfaattransport, V , was verhoogd in de SHR, terwijl 
de affiniteit, К , voor fosfaat gelijk was voor beide rattensoorten. De 
verhoging in V verklaart de hypofosfaturie in SHR. Er was een 
max 
duidelijke relatie tussen het Na+-afhankelijke fosfaattransport 
enerzijds en de alkalische fosfatase activiteit in niermembranen 
anderzijds. In de literatuur wordt dezelfde relatie beschreven in 
diverse pathofysiologische situaties (Shah et al., 1979; Tenenhouse et 
al., 1980; Turner et al., 1982). In hoofdstuk 8 werd de Na+-fosfaat 
cotransporteur nader bestudeerd. Kinetische analyse van dit 
transportsysteem in rattenier BBMV bij 370C en uitgevoerd onder 
initiële snelheidscondities, toonden twee Na+-afhankelijke fosfaat-
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transportsystemen aan: een laag affiniteits- en een hoog affiniteits-
systeem. De sterke pH-afhankelijkheid van beide systemen kan het best 
verklaard worden door aan te nemen dat het lage affiniteitssysteem 
alleen tweewaardig fosfaat transporteert terwijl het hoge 
affiniteitssysteem zowel een- als tweewaardig fosfaat transporteert. 
Bij de bestudering van dit transportsysteem bleken de volgende 
condities belangrijk: temperatuur, initiële snelheid en pH-waarde. 
De proximale tubuluscel bevat in de basolaterale membraan twee 
calcium-pompsystemen: een Ca2+-gestimuleerde ATPase en een 
Na+/Ca2+-wisselaar. Beide calciumpompen controleren de intracellulaire 
calciumconcentratie en zijn daardoor betrokken bij de regulatie van een 
groot aantal celfuncties (Carafoli, 1982). Zowel het Ca2+-gestimuleerde 
ATPase als de Na+/Ca2+-wisselaar zijn bestudeerd in geïsoleerde nier 
basolaterale membranen van SHR. Beide pompen waren echter niet 
verschillend in de SHR vergeleken met de WKY. Dit suggereert dat de 
calciumhomeostase van de corticale cellen, voor wat betreft de 
plasmamembraan, normaal is in de SHR (hoofdstuk 5). De door Postnov 
and Orlov (1982) gepostuleerde hypothese dat veranderingen op 
membraanniveau met speciale nadruk op calcium transporterende systemen, 
van primair belang zijn bij het onstaan van hypertensie, wordt door 
deze studie dan ook niet ondersteund. 
ANDERE FACTOREN 
Naast de nier zijn ook andere organen en weefsels zoals de darm, 
bot, spieren en lever betrokken bij de regulatie van fosfaat-, calcium-
en magnesiumniveau s in plasma. De regulerende functies van deze 
organen worden gemoduleerd door de volgende hormonen: parathormoon 
(PTH), vitamine D3 en calcitonine. In hoofdstuk 6 zijn al deze 
factoren, betrokken bij de regulatie van het mineraalmetabolism, 
bestudeerd in de SHR. 
Transport eigenschappen van de dunne darm van 6-7 weken oude SHR en 
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WKY ratten werden gemeten in zogenaamde Ussing-kamers. De 
fosfaatabsorptie in het jejunum van de SUR was verlaagd. Ondanks deze 
verlaagde fosfaatabsorptie was de fosfaatbalans iets meer positief in 
de SHR, hetgeen de hypofosfatemie dus niet kan verklaren. 
Calciumabsorptie in de SHR is een onderwerp van grote 
tegenstrijdigheden, daar een verhoogde, een onveranderde en een 
verlaagde calciumabsorptie in de SHR zijn waargenomen (Lau et al., 
1985). Wij konden met onze experimenten geen veranderd calciumtransport 
in de darm vaststellen. 
Het bot als grootste reservoir van tweewaardige ionen in het 
lichaam, is zeer belangrijk voor de regulatie van het calciumgehalte in 
het bloed (Mundy & Raisz, 1981). In jonge SHR ratten was het 
botmetabolisme duidelijk verstoord. De lengtegroei van de botten was 
geremd, terwijl het botvolume en de botmassa toegenomen waren, 
resulterend in een verhoogd calcium- en fosfaatgehalte per bot. 
De totale hoeveelheid fosfaat in spieren, lever en nieren van de SHR 
week niet af van de gevonden waarden in de WKY. Daarom is het 
onwaarschijnlijk dat een verhoogde intracellulaire fosfaatopslag 
verantwoordelijk is voor de hypofosfatemie. 
Calcitonine-concentraties in het bloed waren verdubbeld in jonge 
SHR ratten. Voor zover ons bekend, zijn wij de eersten die hier 
melding van maken. Daar calcitonine een sterk hypofos fatemische 
werking heeft (Talmage & Anderson, 1972), zouden verhoogde 
calcitoninespiegels in het plasma verantwoordelijk kunnen zijn voor de 
hypofosfatemie in de SHR. Calcitonine remt de botresorptie (Deftos, 
1982) en de verstoringen in de botgroei van de SHR zouden dus door de 
verhoogde calcitoninewaarden geïnduceerd kunnen zijn. 1,25-dihydroxy-
cholecalciferol was in tegenstelling tot 25-hydroxycholecalciferol, 
licht verhoogd in de SHR. Het biologisch active PTH was niet 
verschillend tussen beide rattensoorten. 
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EFFECT VAN EEN HOOG FOSFAAT-DIEET OP DE BLOEDDRUK IN SHR 
Correctie van de verlaagde fosfaatwaarden in het plasma door middel 
van een hoog fosfaatdieet, verlaagde de bloeddruk in de SHR Maar dit 
bloeddruk verlagend effect van een hoge fosfaatinname trad pas op 15 
weken na de start van het dieet oftewel 10 weken na normalisatie van de 
fosfaatwaarden in het plasma. Hypofosfatemie en hypertensie zijn dus 
met op een simpele wijze gerelateerd 
CONCLUSIES 
Een primaire rol voor calcitonine in een verstoord 
mineraalmetabolisme in de SHR lijkt zeer waarschijnlijk. Verhoogde 
calcitoninespiegels remmen de botresorptie, hetgeen zorgt voor calcium-
en fosfaatretentie in de botten Daardoor dalen calcium- en 
fosfaatniveau's in het plasma Deze reducties stimuleren de vorming 
van het hormoon 1,25-dihydroxycholecalciferol en vermoedelijk, m de 
oudere SHR, PTH Uiteindelijk zal geïoniseerd calcium in het plasma 
bijna normaal zijn terwijl fosfaat in het plasma niet gecorrigeerd 
wordt. Het magnesiummetabolisme was nauwelijks verstoord in de SHR. 
Tenslotte, deze studie benadrukt de multifactoriele oorzaak en boven al 
de complexiteit van de hypertensie bij de SHR en waarschijnlijk ook bij 
de mens. 
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STELLINGEN 

1. De verhoogde calcitoninespiegel in het plasma van de spontaan 
hypertensieve rat is de belangrijkste oorzaak van de verstoringen 
in het fosfaat- en calciummetabolisme. 
Dit proefschrift 
2. De bestudering van het Na+-afhankelijke fosfaattransport in brush 
border membranen van de proximale tubulus dient in ieder geval bij 
370C en onder initiële snelheidscondities uitgevoerd te worden. 
Dit proefschrift 
3. De aanname van Fishman dat neutraalrood een selectieve kleurstof 
is ter identificatie van juxtaglomerulaire cellen is onjuist. 
Fishman, Nature 260:542-544 (1976) 
h. De door Lee et al. waargenomen actieve fosfaatsecretie in het 
jejunum van volwassen ratten is een artefact, geïnduceerd door het 
ontbreken van de circulatie en inherent aan het gebruikte ' in 
vitro' preparaat. 
Lee et al.. Am J Physiol 250 -.0369-0373 (1986) 
5. De toepassing van uiterst geavanceerde biochemische en fysiolo-
gische technieken in studies betreffende de spontaan hypertensieve 
rat is onrealistisch, wanneer tegelijkertijd gebruik wordt gemaakt 
van andere controle ratten dan de Wistar-Kyoto rat. 
Behm et al., Biomed Biochitn Acta 43:975-985 (1984) 
Delbarre et al., Neursci Lett 30:167-172 (1982) 
Göthberg & Folkow, Acta Physiol Scand 117:547-555 (1983) 
Saith et al., J Pharmacol Exp Ther 217:397-405 (1981) 
Watanabe et al., Clin Exp Hyper A(5) -.49-70 (1983) 
6. De door Vieyra et al. beschreven experimenten tonen geenszins een 
primair actief Ca2+-transport aan maar wijzen veel meer in de 
richting van een secundaire Ca2+-accumulatie gedreven door een 
ATP-afhankelijk H+-transport. 
Vieyra et al., J Biol Chem 261 -.4247-4255 (1986) 
7. Gezien de ruis in het door hun gemeten lichtverstrooiingssignaal 
mogen Verkman & Ives geen exacte uitspraak doen over de 
waterpermeabiliteit. 
Verkman & Ives, Am J Physiol 250:F633-F643 (1986) 
8. Het bij menselijk falen in het betalingsverkeer veelvuldig 
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a-sociaal maar ook overbodig sinds de walkman algemeen 
verkrijgbaar is. 
10. De importantie van het geven van wetenschappelijk onderwijs kan 
afgeleid worden uit het feit dat sommige docenten hun habitus 
aanpassen voor aanvang van het college. 
Nijmegen, 19 september 1986 R.J.M. Bindels 


